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Preface 
Toxicology is the study of effect, mode of action, detection and treatment of 
poisonings, especially the poisoning of humans. In the 16th century, Paracelsus 
paved the path for toxicology by stating: “Alle Dinge sind Gift und nichts ist 
ohne Gift; allein die Dosis macht, dass ein Ding kein Gift ist.” This roughly 
translates as; “All substances are toxic, provided the dose is high enough”. This 
statement forms the fundament for toxicology, namely: the risk of toxicity is a 
function of the hazard of a substance and its exposure.  
Molecular oxygen (O2) is a hazardous compound that naturally occurs as a di-
radical (O22●). O22● has by far the greatest exposure level of any hazardous 
compound to humans, making it the number one cause of human mortality. 
Unfortunately, reducing exposure is not an option because O22● is, paradoxically, 
essential for sustaining human life. In the body, it is used to release energy from 
food that also leads to other types of reactive oxygen species (ROS) as by-
products. These ROS are even more hazardous and these toxic ‘metabolites’ of 
molecular oxygen are thought to actually initiate oxygen toxicity.  ROS can 
cause oxidative stress in vivo and severely damage tissues. Fortunately, the body 
can utilize anti-oxidants from food to circumvent damage from ROS.  
The definition of an anti-oxidant is subject to change. Initially, it was thought 
that an anti-oxidant was only needed to rapidly react with radicals to prevent 
radical toxicity. Halliwell & Gutteridge [1] coined a more accurate but rather 
pragmatic definition by stating that an anti-oxidant is a substance that, when 
present at low concentrations compared with that of an oxidizable substrate, 
inhibits oxidation of the substrate. In this definition, the mechanism of action is 
not specified. Focusing on free radical scavenging as mode of action, an anti-
oxidant can be defined as a catalyst that channels the dangerous reactivity of 
ROS safely into the anti-oxidant network of the body. This also puts an emphasis 
on the cooperation between anti-oxidants, which is well documented for the 
interplay between vitamin E and vitamin C. From this concept, three important 
criteria can be deduced that make up a good scavenging anti-oxidant: (i) the anti-
oxidant should be able to react relatively fast with radicals, (ii) it should form a 
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relatively stable product when it has neutralized a ROS and finally (iii) the 
oxidized anti-oxidant should be safely regenerated in the anti-oxidant network of 
the body. 
Flavonoids are a family of polyphenols, ubiquitously found in plants, which 
contain many compounds that might fulfill the three criteria needed for a good 
anti-oxidant. As a group, they are implicated in the health benefits of fruit and 
vegetable consumption. The most prominent dietary flavonoid found in the 
Western diet is quercetin (Q) that has been shown to have one of the highest 
anti-oxidant capacity. However, in vivo, the hydroxyl groups of Q are readily 
metabolized into O-methylated, O-glucuronidated and O-sulfated derivatives. 
These O-conjugated metabolites, Q and Q-glycosides can be extensively 
metabolized and catabolized by the complex indigenous microflora into smaller 
phenolics. Chapter 1, which reviews the metabolism and metabolites of Q, 
describes this in more details.  
In this thesis the focus is not only on Q itself but also on the methylated 
derivatives of Q. First of all, methylation is a relatively subtle change in the 
chemical structure of Q and the methylated derivaties are known to display anti-
oxidant activity. Relating the effect of this subtle structural change with the 
change in activity is an elegant strategy to elucidate the molecular mechanism of 
action of the compounds. In addition, methylation of Q might even lead to 
improved cellular uptake, metabolic stability and lower toxicity.  
It is important to note that, the biological effect of an anti-oxidant is just the sum 
of the chemical reactions and interactions with the components (e.g. free radicals 
and the anti-oxidant network) in the cellular environment. Q can protect cells by 
donating electrons to free radicals, leading to the oxidation of the anti-oxidant 
(Scheme 1). The oxidation can occur in several steps and follow several paths.  
In this thesis, we determine the effect of methylation of Q on each step of the 
anti-oxidant process to get a more profound understanding of the molecular 
mechanism. More specifically, our aim is to elucidate which structural elements 
are pivotal in each of the three stages involved in the mode of action of Q, i.e. (i) 
to quickly pick up the radical (ii) to temporarily store the radical and (iii) to 
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safely shuttle this reactivity into the anti-oxidant network. This will help to 
understand its biological effect and will provide a rational for the use of this anti-
oxidant. The next goal is to rationally design more potent anti-oxidants in order 
to further optimize the treatment of oxygen toxicity.  
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Scheme 1. Schematic representation of the different steps involved in the 
scavenging activity of quercetin (Q). 
 
In Chapter 2, we investigate the possibility of using flow chemistry to 
synthesize O-methylated derivatives of Q in a highly controlled and well-defined 
micro-reactor. The advantage of this “micro-reactor” is the reproducibility and 
the relative ease to optimize and up-scale synthesis to a “Kilo-Flow”. In Chapter 
3, the “regular lab” synthesis and the effect of methylation on the anti-oxidant 
capacity of Q is established. In Chapter 4, the structure of Q radical, the roles of 
its different rings (i.e. A, B and C-rings) and the effect of O-methylation on the 
radical species are demonstrated. In Chapter 5, the effect of methylation on the 
peroxynitrite (PON) scavenging potency of Q is determined. In addition, we 
discuss which of the two pharmacophores, i.e. the AC-ring or the B-ring, of Q is 
more prone to donating an electron to a free radical such as peroxynitrite (PON). 
In Chapter 6, the interaction of oxidized Q and its oxidized methyl derivatives 
with the anti-oxidant network (i.e. vitamin C and GSH) are described. Finally, 
Chapter 7 summarizes the results of this thesis and elucidates the chemical basis 
of the anti-oxidant activities of Q and its methylated derivatives, by expanding 
and completing the chemistry depicted in Scheme 1. 
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Quercetin metabolites in humans 
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ABSTRACT 
Flavonols, especially quercetin (Q), represent a substantial amount of the 
chemical constituents in fruits and vegetables consumed in the Western diet. In 
addition, a flavonol rich diet has been associated with health benefits. However, 
flavonols are mainly found as metabolites in vivo, gradually shifting the focus of 
anti-oxidant research to the metabolites of Q. There is a growing awareness that 
it might actually be the metabolites that are responsible for the health benefits 
associated with Q. Therefore, this review provides an inventory of Q metabolites 
that have been identified in literature. Special attention is given to the methylated 
derivatives of Q that have several advantages, such as relatively low toxicity, 
relatively high metabolic stability and improved absorption combined with a 
direct health promoting effect.  
Quercetin metabolites in humans 
15 
 
Introduction 
Many studies have associated a high intake of fruit and vegetables with a 
decreased risk of human malignancies, including colon, pancreatic, bladder, 
stomach, breast, lung, laryngeal, oesophageal, and oral cancers [1-3]. Although 
food plants consist of many compounds that can provide chemo-protective 
effects, one class of compounds that has gained much interest is the flavonoids. 
Flavonoids occur in most plant species and can account for a significant 
percentage of the chemical constituents in vegetables, fruits, and beverages such 
as tea and red wine [4,5]. Contemporary interest in flavonoids focuses on their 
anti-oxidant and anti-inflammatory properties. The total group of flavonoids, 
which comprise more than 8000 compounds, is too diverse to be covered in a 
single review. Therefore, the focus will be put on the most potent anti-oxidant 
subgroup, the flavonols. The predominant flavonols found in the Western diet 
are glycosides of Q with onions (200-650 mg/kg), apples (36 mg/ kg), and 
broccoli (6-30 mg/kg) as their major sources [4,6,7]. Although Q is mainly found 
as metabolites in vivo, the majority of in vitro investigations have focussed on 
the parent compound (Figure 1).  
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Figure 1. Quercetin aglycone with the carbon atom numbering system generally 
used.  
 
The awareness that it is actually the flavonol metabolites that account for most of 
the beneficial health effects is growing. Therefore, the objective of this review is 
to survey the literature for known flavonol metabolites in humans, especially 
those from Q, with regard to the site and mechanism of metabolism. 
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Absorption and metabolism 
In flavonoid research, it is often forgotten that flavonoids are food components 
that must be bio-available in some form to exert a systemic biological effect. In 
general, most of the ingested Q-glycosides can barely be detected and plasma 
levels of Q rarely exceed 1 μM in humans, when the average dietary intake (ca. 
16 mg/day) is not exceeded [4,5,8,9]. The primary and major site of absorption of 
Q-glycosides is the small intestine [8,10-12] and it appears that the sugar moiety 
of the glycoside is an important determinant in the absorption process [13,14]. 
For example; onion glycosides, Q4’-glucoside and Q3,4’-diglucoside, appear to 
be absorbed better than either tea flavonol glycosides, apple flavonol glycosides 
or Q3-rutinoside (rutin) from a supplement [8]. Q-monosaccharides, such as Q3-
glucoside and Q4’-glucoside, are absorbed in the small intestine as the Q-
aglycone. In contrast, glycosides which contain one sugar other than glucose 
(such as hyperoside) or disaccharides/oligosaccharides (such as rutin) are 
absorbed in the large intestine as Q-aglycone, after deconjugation caused by the 
activity of enterobacteria [15]. These findings indicate that the sugar moiety 
determines the place of absorption in the intestine (Figure 3). To date, the 
absorption of Q- glycosides is thought to involve epithelial brush border 
membrane transporters, such as sodium-dependent glucose transporter-1 (SGLT-
1), followed by deglycosylation [14,16,17]. However, phenolic glycosides might 
also inhibit the SGLT-1 without being transported across the membrane [18]. For 
example, in Caco2 cell line, Q was easily absorbed but Q4’-glucoside and 
Q3,4’-glucoside were not, despite the presence of SGLT-1 [19]. The lack of 
absorption is attributed to an effective efflux by the multidrug resistance protein 
2 (MRP-2) transporter [20]. Only when MRP-2 was inhibited , the transport of 
Q4’-glucoside by SGLT-1 across the apical membrane of enterocytes was 
observed [21]. These findings suggest an active multi-transport system for 
flavonol glycosides in the small intestine. Other studies indicate that flavonoids 
may also be absorbed after deglycosylation by hydrolases (e.g. lactose-phlorizin 
hydrolase or ß-glucosidase) located at the intestinal brush border membrane [22-
24]. In either case, absorption is immediately followed by phase II conjugation 
Quercetin metabolites in humans 
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due to the action of uridine-5’-diphosphate glucuronosyltransferase (UDP-GT), 
catechol-O-methyl transferases (COMT) and sulfotransferases. This leads to the 
formation of numerous glucuronidated, methylated and sulphated conjugates 
prior to reaching systemic circulation [25-28]. 
 
Glucuronidation 
Glucuronide conjugation is regarded as the major conjugation reaction involved 
in flavonoid metabolism [29-33]. There are three explanations that can be given 
for the widespread utilisation of the glucuronidation pathway. Firstly, glucuronic 
acid is derived directly from glucose and its store, glycogen, and is therefore 
readily available. Secondly, O-glucuronidation (linkage through an oxygen 
atom) is the most common form of glucuronide conjugation, making the poly 
hydroxylated flavonoids prime targets [34]. Thirdly, glucuronidation reaction is 
catalysed by UDP-GT which is found in high concentrations in the liver, 
intestine and kidneys. Even though the liver has the greatest capacity for 
glucuronidation [35,36], most evidence point toward the intestine as being the 
initial and principal site for flavonoid glucuronidation in humans following 
typical dietary consumption [32,37,38]. However, glucuronides formed in the 
intestine tend to enter the systemic circulation directly and are not readily 
available for biliary excretion (Figure 2). In contrast, glucuronides newly formed 
in the liver are predominantly excreted into the bile entering the enterohepatic 
circulation (EHC). EHC prolongs the residence of a xenobiotic in the body by 
reducing its faecal excretion. It was suggested that a compound will have a 
longer plasma elimination half-life, if it is available to the systemic circulation 
while undergoing EHC [39]. EHC is suggested to be responsible for the 
flavonoids low but consistent levels in the circulation long after their time to 
reach maximum concentration is achieved [40]. As a consequence, the 
accumulation of the aglycone and its metabolites in plasma could be achieved 
with repeated intakes [41]. However, compounds undergoing EHC may also 
undergo further sulfation in the intestine or hepatocyte. This would divert them 
from biliary excretion toward eventual urinary elimination, as enteral 
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reabsorption of strongly polar compounds is negligible. This indicates that 
glucuronidation in the intestinal cells facilitates the loss of flavonoids from the 
EHC towards the systemic circulation [40].  
In general, flavonol glucuronides are recognized as biologically less active or 
inactive than the aglycone. However, glucuronides can be readily deconjugated 
in case of inflammation by neutrophiles, which possess substantial levels of ß-
glucuronidase activity [42]. This would mean that the relatively more potent 
aglycone can be released locally from its glucuronide form when needed.  
Figure 2. Schematic representation of the human metabolism of flavonols with 
emphasis on glucuronidation. The arrows show the potential route for flavonol 
circulation. Fl=flavonol, Fl-MG=monoglucosides, FL-PS=polysaccharides, Fl-
Glu=glucuronides, SPh=small phenolics, SC=systemic circulation, 
EHC=enterohepatic circulation, A-Ox=anti-oxidation, A-In=anti-inflammation. 
 
Methylation 
Methylation appears to be the second most significant conjugation reaction 
involving flavonoids [31,43]. Methylation is driven by methyltransferases that 
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are found in many tissues, including the liver and intestine [44]. The most 
common methylation reaction associated with the metabolism of Q is O-
methylation of the catechol moiety. The methylation is catalysed by COMT, with 
S-adenosyl methionine as a cofactor. The liver has the highest COMT activity 
and is the main organ responsible for methylation [45]. 
Unlike glucuronidation and sulfation, methylation actually increases the uptake 
in cells by making the aglycone more lipophilic. It has been demonstrated that 
isorhamnetin (Q3’-OMe) and tamarixetin (Q4’-OMe) both showed protection 
against peroxide-induced damage of normal human dermal fibroblasts, while 
Q7-glucuronide did not [46]. In addition, both methylated derivatives of Q were 
less toxic than Q when concentrations above 10 uM were used. Intriguingly, 
there were small but measurable levels of Q detected in the lysates from cells 
exposed to both methylated derivatives of Q, after 12 and 18 hours. This 
suggests that some cells can regenerate Q from its methylderivatives. 
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Figure 3. Schematic representation of the human metabolism of flavonol with 
emphasis on methylation. The arrows show the potential route for flavonol 
circulation. Fl=flavonol, Fl-MG=monoglucosides, FL-PS=polysaccharides, Fl-
Glu=glucuronides, SPh=small phenolics, SC=systemic circulation, 
EHC=enterohepatic circulation, A-Ox=anti-oxidation, A-In=anti-inflammation. 
 
Sulfation 
Sulfation is a conjugation reaction of flavonoids, which predominates at 
relatively low dose. The reaction is catalysed by sulfotransferases, which are a 
small group of cytosolic enzymes widely distributed throughout the body [40]. 
Sulfotransferases utilise phosphoadenosine-5’-phosphosulphate as a cofactor 
[34,47]. It has been reported that sulfated derivatives of Q appeared to be the 
major metabolite in human plasma within 30 minutes (time to peak 
concentration, tmax < 1 hour) after ingestion of onions [48]. The small tmax, 
indicates that sulfation probably occurs in the enterocyte before reaching the 
systemic circulation [49]. In addition, it has been demonstrated that fisetin and Q 
Quercetin metabolites in humans 
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are not sulphated but only methylated in human liver [50,51]. Sulfation, as a 
conjugation reaction, is relatively costly in ATP and has a relatively limited 
capacity [34].  
 
Small phenolics 
The majority of flavonoids ingested can also reach the colon without 
metabolism, depending on the individual (Figure 4). The complex indigenous 
microflora in the colon is able to cleave the glycoside bond from flavonoid 
glycosides and use the sugar moiety for catabolism, while the resulting aglycone 
can be absorbed through the intestinal wall [52-54]. Additionally, the colonic 
bacteria is also able to extensively metabolize flavonoids producing a range of 
small phenolics, which then can be absorbed [41,55-57]. The degree of 
degradation is significantly dependant on the variations of the species and genera 
composing the colonic microflora of the individual. Although these metabolites 
are mostly returned to the digestive tract via MRP-2, some are transported 
through the portal vein into the liver where they undergo secondary metabolism 
[15]. In addition, the lymphatic system can also contribute to the transport of 
flavonoid metabolites around the body [58]. 
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Figure 4. The circulation and possible metabolism of the small phenolics. 
SPh=small phenolics, SC=systemic circulation, A-Ox=anti-oxidation, A-
In=anti-inflammation. See also Figure 11 in “Metabolites” for more details. 
 
Site of elimination 
Apart from the gastrointestinal tract and the liver, the kidneys can also form 
glucuronidated, sulphated, and methylated conjugates of flavonols before 
excretion in the urine [40]. Varying proportions of the aglycone and its 
metabolites will also pass through the gastrointestinal tract unabsorbed and be 
eliminated in the faeces [59]. Walle et al. radio-labelled the carbonylgroup of Q 
and reported, after both oral and iv doses in humans, that 23.0 to 81.1% was 
exhaled as 14CO2, making the lung an additional site for elimination of the 
carbonylgroup of Q [60].  
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Metabolites 
Glycosides 
Besides flavonol aglycones, there are also studies that have demonstrated the 
presence of relatively low levels of flavonol glycosides in plasma [33,61-63] 
indicating that few glycosides escape cleavage of the sugar moiety (Figure 5). 
Aziz et al. reported that isorhamnetin-4’-glucoside and Q4'-glucoside 
accumulated in plasma after the consumption of onion [61]. Mauri et al. found 
rutin in the plasma of healthy volunteers after the consumption of tomato 
extracts [62]. Oliveira et al. tentatively identified two flavonol glycosides in 
human plasma after the consumption of capsules of Ginkgo biloba, a plant rich 
in flavonoid glycosides [33]. Mullen et al. found sulfated and glucuronidated 
derivatives of Q-monoglucosides in the urine after the ingestion of onions, which 
are rich in Q4’-glucoside and Q3,4’-diglucoside [64].  
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Figure 5. Flavonol glycosides detected in humans and characterized in the 
literature scope of this review. 
 
O-conjugated flavonols 
Even though small amount of ingested flavonol glycosides can escape 
metabolism, the majority of the glycosides are metabolized extensively and can 
only be found as metabolites. For example, the high pressure liquid 
chromatography (HPLC) of human urine, after the consumption of cooked 
onions, indicated that there are around 30 peaks representing possible flavonol 
metabolites and their isomers in urine; only 20 of those peaks could be identified 
by electrospray ionization-tandem mass spectrometry LC/ESI-MS/MS [65]. In 
total, seven different metabolites of Q were identified, including Q-
monoglucuronides, methylated Q-monoglucuronides, sulphated Q-glucuronide, 
Q- diglucuronides, methylated Q-diglucuronides, sulphated Q-glucoside, and 
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methylated Q. Q-monoglucuronides and methylated Q-monoglucuronides 
predominate followed by Q-diglucuronides and one sulphated Q-monoglucoside. 
When isomeric forms are taken into account, a total of 16 metabolites of Q were 
identified by the difference in the composition and intensities of minor ions and 
their LC retention times. In addition, all 4 isomers of kaempherol 
monoglucuronides were also detected (Figure 6). Kaempferol is the second most 
abundant flavonol in onions with concentrations of 0.89 mg/100 g of raw onion 
[65]. Hong and Mitchell, however, emphasized the necessity for synthesized 
forms of the flavonol metabolites to unambiguously identify the structure of the 
different isomers.  
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Figure 6. Kaempferol O-glucuronides in humans that were identified in the 
literature scope of this review. OGlu=glucuronide. 
 
In another study, three major Q-monoglucuronides were characterized 
(conjugation on the 3, 4’, 3’ position) in human urine and plasma after the 
consumption of red onions [64]. Day et al. detected Q-monoglucuronides, 
methylated Q-glucuronide and a sulphated derivative of Q in the plasma of 
humans fed with onions (Figure 7). The derivatives were identified as Q3’-
glucuronide, Q4’-glucuronide, Q3-glucuronide, isorhamnetin-4’-glucuronide, 
isorhamnetin-3-glucuronide and Q3’-sulphate [25]. Oliveira and Watson 
investigated the in vitro glucuronidation of Q and kaempherol by human UGT-
1A9 microsomes, and detected four monoglucuronides for Q and two for 
kaempherol [66]. Additionally, Day et al. demonstrated the presence of four Q-
monoglucuronide isomers in human liver cell-free extracts [67]. The 
conjugational positions (3, 7, 3’ and 4’ position) of these four isomers have been 
described and confirmed by UV absorption spectral shift assays [33] and more 
unambiguously by LC-MS and 1H-NMR analysis [68]. In a very recent study, the 
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oxidation of monoHER, with horseradish peroxidase/H2O2 was investigated in 
the presence of GSH. Jacobs et al. identified the only formed conjugate as the 2′-
glutathionyl-monoHER. Intriguingly, Jacobs et al. also detected the same 
glutathione conjugate in the bile fluid of a healthy volunteer after intravenous 
administration (iv) of monoHER [69]. 
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Figure 7. Quercetin O-conjugates in humans that were characterized in the 
literature scope of this review. OGlu=glucuronide. 
 
Small phenolics 
The metabolites described so far have maintained their original aglycone 
skeleton and were even expanded with a functional group by metabolism in the 
body. However, there are several studies that report heterocyclic cleavage of 
flavonols (Figure 8) by colon bacteria leading to smaller phenolic compounds 
like dihydroxybenzoic acid, dihydroxyphenylacetic acid, 
dihydroxyphenylpropionic acid and caffeic acid [70,71]. 
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Figure 8. On top is the structure of quercetin aglycone, with the lines indicating 
the various modes of ring fission of the flavonol C-ring. On the bottom are some 
of the structures derived from the ring cleavage of quercetin by colonic bacteria: 
(a) 3,4-dihydroxybenzoic acid, (b) 3,4-dihydroxyphenyl acetic acid, (c) 3-,4-
dihydroxyphenylpropionic acid and (d) 3,4-dihydroxycinnamic acid [70-72]. 
 
Several gluthatione-related metabolites of Q have also been identified in the 
human urine as mercapturic acids, i.e. 3-,4-dihydroxytoluene, 3-,4-
dihydroxybenzaldehyde, 3-,4-dihydroxyphenylacetic acid, caffeic acid and 3-,4-
dihydroxyphenylpropionic acid, of common hydroxyphenylacetic acids 
generated by the microbial degradation of Q in the gut (Figure 9). The mass 
spectra of dihydroxyphenylacetic acid and dihydroxycinnamic acid demonstrated 
that the mercapturates are present as isomers [70]. Due to the low concentration 
of the individual phenolics, synthetic strategies are required to obtain enough 
compounds for NMR to unambiguously identify their structures. In another study 
on the metabolism of Q in the gut, hydroxyphenylacetic acids including 3,4-
dihydroxyphenylacetic acid, 3-hydroxyphenylacetic acid, and 4-hydroxy-3-
methoxyphenylacetic acid (homovanillic acid) has been reported [73]. In yet 
another study investigating the urine and plasma of humans fed with an extract 
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of Ginko biloba; only the urine samples contained detectable amounts of 
substituted benzoic acids, such as 4-hydroxybenzoic acid conjugate, 4-
hydroxyhippuric acid, 3-methoxy-4-hydroxyhippuric acid, 3,4-dihydroxybenzoic 
acid, 4-hydroxybenzoic acid, hippuric acid and 3-methoxy-4-hydroxybenzoic 
acid (vanillic acid) [74]. There are also a number of in vitro studies showing the 
bacterial degradation of rutin and Q3-glucoside to 4-hydroxyphenylacetic acid, 
3,4-dihydroxyphenylacetic acid [75,76], 3,4-dihydroxytoluene [72] and 3,4-
dihydroxybenzaldehyde [53]. All the products of flavonol degradation in the 
colon, described in the literature scope of this review, have been summarized in 
Figure 9. 
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Figure 9. The small phenolics identified in the literature scope of this review. 
Top: hydroxyl substituted toluene, benzaldehyde and benzoic acids. Top-middle: 
hydroxyl substituted phenylacetic acids. Bottom-middle: hydroxyl substituted 
propionic acids. Bottom: hydroxyl substituted hippuric acids. 
 
Final destination 
It has been reported that the increase in total excretion of hippuric acids after a 
day, in humans fed with a flavonoid-rich meal, exceeded by far all other 
metabolites (conjugated and small phenolics) together [77]. This was suggested 
to point out towards the final metabolic fate of the B-ring of most polyphenols. It 
is generally believed that hippuric acids are derived from the absorption of the 
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corresponding phenylpropionic acids that followed ß-oxidation to benzoic acids 
and subsequent glycination in the liver, as shown in Figure 10 [77]. The 14C-
labelling of the carbonylgroup on the 4 position of Q by Walle et al. showed that 
the urinary recovery of total radio-activity ranged from 18.4 to 26.8% after the iv 
dose and from 3.3 to 5.7% after the oral dose. The corresponding faecal 
recoveries were only 1.5–5.0% and 1.6–4.6%, respectively. The rest, 23.0–
81.1%,  of the labelled carbons were mostly found in the expired air of the 
volunteers, as 14CO2 [60]. These results suggest that the carbons on the 3 and 2 
position of Q will also follow a similar fate to some extent. However, labelling 
of these carbons is required for the unambiguous determination of their fate. 
Moreover, in this study [60] a big part of the flavonol that does not have the 14C-
label was unaccounted for; i.e. the A-ring and phenolic acids derived from the B-
ring. These unaccounted phenolics are expected to be excreted mainly in the 
urine. However, a more complete determination of the metabolic fate of Q would 
also require the specific labelling of both the A- and the B-ring.  
To date, phenolic fragments containing the A-ring (1,3-benzenediol) of Q have 
not been identified. However, it was recently reported that free resorcinol 
(similar to A-ring of Q) could only be detected in the blood of rats that drank 
extreme high dose (3000 mg/L) of water containing the xenobiotic; no detectable 
toxic effect could be determined at this dose [78]. These findings are in 
agreement with metabolic disposition studies, conducted several decades ago, 
confirming that 14C radio-labelled resorcinol was readily absorbed from the 
gastrointestinal tract, efficiently metabolized (detoxified) and subsequently 
excreted [79]. More than 90% of the dose was excreted in the urine within the 
first 24 hours after oral administration of resorcinol, indicating little potential for 
bioaccumulation in animal tissues. The resulting 14C-labeled products were 
predominantly excreted in urine as glucuronides (70%) and as sulphate 
conjugates [79].  
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Figure 10. A simplified schematic representation of the suggested metabolism of 
quercetin to small phenolics [77,80-82]. 
 
Conclusion 
There is a growing awareness that flavonol metabolites play an essential role in 
the health benefits associated with flavonol rich food. The flavonol metabolites 
that have been identified in literature are summarized in this review with regard 
to their metabolism. It is clear that flavonols are prime targets for O-conjugation, 
especially Q, because of their high number of hydroxyl groups. Given that Q is 
extensively metabolised in vivo, the biological effects of this food compound 
should be reassessed incorporating the metabolites. Especially the methylated 
metabolites of Q appear to have several advantages, such as relatively low 
toxicity, relatively high metabolic stability and improved cellular absorption 
combined with a direct health promoting effect. This puts these methylated 
derivatives of Q in the spotlight.  
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ABSTRACT 
The polyphenol quercetin (Q) that has a high antioxidant capacity is a 
lead compound in the design of antioxidants. We investigated the 
possibility of modifying quercetin while retaining its antioxidant capacity 
as much as possible. To this end, the antioxidant capacities of Q, rutin, 
monohydroxyethyl rutinoside (monoHER) and a series of synthesized 
methylated Q derivatives were determined. The results confirm that the 
electron donating effect of the hydroxyl groups is essential. It was also 
found that the relatively planar structure of Q needs to be conserved. This 
planar conformation enables the distribution of the electron donating 
effect through the large conjugated π-system over the entire molecule. 
This is essential for the cooperation between the electron donating groups. 
Based on the activity of the compounds tested, it was concluded that 
structural modification at the 5 or 7 position is the most optimal to retain 
most of the antioxidant capacity of Q. This was confirmed by 
synthesizing and testing Q5OMe (Q6) and Q7OMe (Q7) that indeed 
displayed antioxidant capacities closest to Q. 
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Introduction 
Flavonoids are polyphenolic compounds found in most plants. They account for 
a significant percentage of the chemical constituents of vegetables, fruits, and 
beverages such as tea and red wine. As a group they are implicated in the health 
benefits of fruit and vegetable consumption [1]. Isolated flavonoids have various 
potent biological effects, and they are used as nutraceuticals [2]. 2-(3,4-
Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-4-one or quercetin (Q) is 
one of the most prominent dietary flavonoids [1,3,4]. It has a high antioxidant 
capacity, which is implicated in its health effects, and is a lead compound in the 
design of antioxidants. Chemical modification of quercetin has generated new 
derivatives with improved biological effect. One of these semi-synthetic 
antioxidants, i.e., monohydroxyethyl rutinoside (monoHER), efficiently protects 
against the cardiotoxic effect of doxorubicin in mice [5], although it appeared to 
be less effective in humans [6]. The chemical modification explored in the 
present study was O-methylation, since this might improve the cellular uptake 
and metabolic stability of Q [7-9]. It is important to note that antioxidants such 
as Q can exert their beneficial effects through different mechanisms, e.g. 
scavenging radicals, metal chelation and interactions with enzymes [10]. This 
makes profiling antioxidants such as Q a daunting task with many pitfalls [11]. 
The essential feature of Q evaluated in the present study is its free radical 
scavenging. This was determined using the well-established 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulphonic acid) radical (ABTS•) decolorization assay to 
determine the effect of O-conjugation on the scavenging capacity of Q. We 
investigated the possibility of modifying quercetin while retaining its antioxidant 
capacity as much as possible. 
 
Synthesis 
The strategy used for the synthesis of the methylated derivatives of Q is adopted from 
Bouktaib et al. [12] and van Acker et al. [13]. The catechol moiety of Q was 
protected by the reaction with dichlorodiphenylmethane (Scheme 1) that lead to 
the formation of 1. This reaction proceeds at temperatures above 160 °C. A 
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major improvement appeared to be the addition of NMP, a solvent with a high 
boiling point, which increased the overall yield from 10 to 70%. The protected Q 
(1) was methylated with methyl iodide (MeI) and 1 equivalent (equiv.) K2CO3, 
followed by deprotection of the catechol group. Under these conditions both 
compounds Q1 and Q2 were formed and they could be readily separated by 
column chromatography on silica gel. Compounds Q3 and Q4 were synthesized 
by reacting Q with MeI and 3 eq of K2CO3. Both compounds could be readily 
separated by silica column chromatography. Methylation of Q with an excess of 
MeI and base gives the pentamethylated derivative Q5. I3 Had already been 
already synthesized for an earlier study by demethylation of Q5 with an excess 
of AlCl3. All the other synthesized compounds were made according to Bouktaib et 
al. and van Acker et al. with minimum adjustments. The chemical structures of 
the tested compounds are depicted in Table 1. 
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Scheme 1. Synthesis of the methylated derivatives of quercetin. 
 
Reagents and conditions: (a) 5 equiv. dichlorodiphenylmethane, 
NMP, 165 °C, 1 h; (b) 1 equiv. K2CO3, excess MeI, DMF, 3 h; (c) 
acetic acid/water (80:20, v/v), reflux, 3 h; (d) 1.2 equiv. NaHCO3, 
excess BnBr, DMF, 3 h; (e) acetic acid/HCl (1:1, v/v), reflux, 4 h; 
(f) 3 equiv. K2CO3, excess BnBr, DMF, overnight; (g) 3 equiv. 
K2CO3, excess MeI, DMF, overnight; (h) 5.5 equiv. K2CO3, excess 
MeI, DMF, overnight; (i) 38 eq AlCl3, dry ether, 12 h, 60 °C; then 
acetic acid/HCl (2:1, v/v), 25 min, reflux. 
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Table 1. The antioxidant capacities of quercetin (Q), isorhamnetin 
(I1), rutin (R1) and their derivatives. The capacity is expressed as 
the number of ABTS radicals (ABTS•) that is scavenged by one 
molecule of the tested compound.  
 
Compound R3 R5 R7 R3’ R4’ Antioxidant capacity 
Q H H H H H  
Q1 CH3 
H H H H  
Q2 CH3 
H CH3 H H  
Q3 CH3 H CH3 H CH3  
Q4 CH3 H CH3 CH3 CH3  
Q5 CH3 CH3 CH3 CH3 CH3  
I1 H H H CH3 H  
I2 H CH3 H CH3 H  
I3 H CH3 CH3 CH3 CH3  
R1 Ru1 H H H H  
R2 Ru1 H He2 H H  
Q6 H CH3 H H H  
Q7 H H CH3 H H  
Q8 H H H H CH3  
1 Ru is a rutinosyl group, a disaccharide consisting of glucose and rhamnose 
2 He is a hydroxyethyl group 
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Results and Discussion 
The antioxidant capacity was determined in a decolorization assay using the 
intensely colored  
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) radical (ABTS•), as 
described previously [14-19]. In our study, the capacity is expressed as the 
number of ABTS• that is scavenged by one molecule of the compound tested 
(Table 1). In the literature, the capacity of antioxidants is usually related to the 
capacity of the reference compound trolox and expressed as Trolox Equivalent 
Antioxidant Capacity (TEAC). These TEAC values have to be multiplied by 1.9, 
which is the value of Trolox in the assay, to compare TEAC data to our data. In 
literature, it is reported that Q can scavenge 5.9 [18], 8.4 [19], 9.0 [14] and 9.3 [17] 
ABTS•. The capacity observed for Q in the present study is 8.6. In addition, the 
reported values of rutin (R1) are 4.7 [14] and 5.2 [16], and we observed 5.1. This 
shows that the values found in the present study are within close proximity of 
most of the values reported previously. 
In accordance with the literature data, Q has an extraordinarily high antioxidant 
capacity compared with simpler polyphenols, such as 4-methylcatechol (MC) 
that has a capacity of 2.5 in our assay. Compared to MC, Q contains a large 
conjugated π-system. This large conjugated π-system is one of the main reasons 
for the high antioxidant potential of Q. 
Gradual methylation of the hydroxyl groups, from Q to Q1, Q2, Q3, Q4 and Q5 
decreases the capacity (Table 1). Methylation of all the OH groups (Q5) reduces 
the capacity of Q to zero. This demonstrates that not only the size of the 
conjugated π-system determines the antioxidant potential; the free OH groups 
play a pivotal role in the antioxidant capacity as well. 
It has been suggested that the antioxidant capacity of flavonoids is proportional 
to the number of OH groups present in the molecule [20]. However, several 
derivatives with the same number of OH groups display a significant difference 
in capacity. For example, the mono-methylated derivatives Q1 and I1, both 
containing four OH groups, show a large difference of 1.6 in capacity (Table 1). 
In addition, there is also a substantial difference of 1.4 between the two di-
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methylated derivatives (Q2 and I2) and of 0.7 between the two tetramethylated 
derivatives (Q4 and I3). This confirms that the number of OH groups is not the 
primary factor in the antioxidant capacity of Q and its derivatives [21-24]. 
Apparently the contribution of each OH group to the antioxidant capacity is not 
equal. Methylation of the OH groups in the B-ring of Q reduced the antioxidant 
capacity the most, followed by methylation of the 3-OH group in the C-ring. 
Methylation of the 5 or 7 position in the A-ring reduced the antioxidant capacity 
the least. 
The effect of OH groups on the antioxidant activity of flavones has previously 
been explained by their strong electron donating effect. Donating electrons to the 
conjugated π-system decreases the ionization potential and increases the energy 
of the highest occupied molecular orbital (HOMO) that is reflected by an 
increase in the antioxidant potential. The optimum stimulating effect of OH 
groups that are attached to Q, is found with an even number of C-atoms between 
these groups [21]. In addition, adjacent OH groups can also increase the 
antioxidant potential by stabilizing the flavone radical through intramolecular H-
bonding interaction [24,25]. Consequently the OH groups in Q cooperate in the 
scavenging of radicals, and the efficiency of this cooperation depends on their 
relative position. 
Previously, two pharmacophores have been postulated for Q; i.e., the AC-ring and 
the B-ring [21-23]. The activity of various flavonoids indicated that the 3-OH 
group was the active centre in the AC-ring, and that its activity is positively 
influenced by the OH groups at the 5 and 7 position in the AC-ring [21]. In the 
present study, two tetramethylated derivatives of Q, i.e., Q4 and I3, were tested. 
Q4 has only one free OH group at the 5 position, and I3 has only one free OH 
group at the 3 position. The capacity of I3 (i.e., 1.3) was twice that of Q4 (i.e., 
0.6). This confirms that an OH group at the 3 position is indeed more important 
for the antioxidant activity than one at the 5 position. 
The high activity of the B-ring can be explained by the strong electron-donating 
effect of its two adjacent phenolic OH groups and their intramolecular H-
bonding interaction [21,24,25]. Actually, in our study methylation of the B-ring 
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has the most profound effect as demonstrated by the relatively low capacity of 
I1. I1 is methylated at the 3’-O position in the B-ring and its capacity is 4.4 
lower than Q. For comparison, Q1 is methylated at the 3-O position in the AC-
ring and this leads to a decrease of 2.8. This confirms the importance of the OH 
groups in the B-ring for the antioxidant capacity of Q. 
The difference in capacity (i.e., 0.7) between Q1 and R1 (Table 1) indicates that 
other factors, besides the position and number of the OH groups, also influence 
the antioxidant capacity of Q derivatives. Both compounds are only substituted 
at the 3-O position. The difference is that Q1 has a methyl group while R1 has a 
rutinosyl group. To examine the effect of substitution at the 3-O position, 
quantum calculations on the equilibrium geometry of the molecules were 
performed [24]. The calculations point out that the bulky rutinosyl group at the 
3-O position induces a dihedral angle (φ) of 38° between the plane of the AC-
ring and that of the B-ring. The methyl group in Q1 induces a dihedral of 20°, 
while in Q the dihedral is only 0.29° (Table 2). The relatively planar structure of 
Q allows the conjugated π-system of the AC-ring and that of the B-ring to 
efficiently interact. This interaction distributes the electron donating effect of the 
OH groups over the whole molecule, enabling the cooperation of electron donors 
in the different rings. Apparently, the pharmacophores that were postulated for 
Q, i.e., the AC-ring and the B-ring, can cooperate. However, a bulky substituent 
at the 3 position, such as a rutinosyl group, forces the B-ring out of the plane of 
the AC-ring (Figure 1). This steric effect diminishes the efficiency of the large 
conjugated π-system found in Q, leading to a relatively low antioxidant capacity. 
In the design of derivatives of Q aimed at retaining most of the antioxidant 
activity, the relatively planar conformation of Q should be conserved. 
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Table 2. The antioxidant capacities of Q, Q1 and R1 vs their dihedral 
angles (φ), the angle between the plane of the AC-ring and that of the B-
ring. 
Compound Capacity φ 
Q 8.6 0.29° 
Q1 5.8 20° 
R1 5.1 38° 
 
In vivo, methylation of the 3'-O or 4'-O in the B-ring by Catechol O-Methyl 
Transferase (COMT) is a major pathway. It has been suggested that these 
metabolites have a substantial contribution to the biological effects of Q, 
because their cellular uptake as well as their metabolic stability are superior to 
those of Q [8,9,26]. However, our data corroborate previous studies [9,27] that 
demonstrate the relatively low antioxidant capacity of these metabolites. 
Our results show that semi-synthetic derivatives that are methylated at the 5 or 7 
position display a higher antioxidant capacity than the in vivo metabolites. This 
was confirmed by synthesizing the 5 and 7 O-methylated quercetin derivatives 
(Q6 and Q7). Moreover, 5 or 7 O-methylation of Q would not undermine the 
structural features that are important for metal chelation, i.e., 3-hydroxy-4-keto 
conformation together with the 2,3-double bond and the catecholic B-ring 
[10,24]. To complete the series of monomethylated derivatives, we also 
synthesized Q4′OMe (Q8). In line with our theory, Q8 appeared to be the least 
active, while Q6 and Q7 demonstrate the highest capacity of the O-conjugated 
derivatives of Q. 
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Figure 1. Three dimensional structure of rutin (R1), illustrating the 
dihedral angle (φ) of 38° between the plane of the AC-ring and that of the 
B-ring. 
 
Conclusions 
To chemically modify quercetin (Q) while retaining most of its antioxidant 
capacity, substitution at the 5 and 7 OH are the most suitable. This modification 
will not disturb the planar structure that enables the distribution of the electron 
donating effect through the π-system found in Q, and does not compromise H-
bond interactions that can be essential for the stabilization of the flavone radical. This 
opens new avenues for (semi)-synthetic derivatives of Q that are chemically 
modified at the 5 or 7 position. 
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Experimentals 
Antioxidant Capacity 
Chemicals 
All chemicals, synthesized or purchased, had a purity of at least 95% by HPLC. 
Rutin·3H2O, ABTS [2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] and 
ABAP 2,2′-Azobis-(2-amidino-propane)·HCl) were purchased from Sigma-
Aldrich and used as received. MonoHER [7-mono-O-(-hydroxyethyl)-rutoside] 
was kindly provided by Novartis Consumer Health (Nyon, Switzerland). 
Spectrophotometric analysis was performed with a Varian Carry 50 
spectrophotometer (Varian, Mulgrave, VIC, Australia). 
 
Scavenging of ABTS Radicals 
All solutions were prepared fresh on the same day of the experiments. To 
generate the ABTS radicals (ABTS•), ABTS (20 mM) was incubated with ABAP 
(2.5 mM) in 145 mM sodium phosphate buffer (pH 7.4) for 30 min at 60 °C. 
During the experiments, the ABTS• stock solution was protected from light and 
kept on ice. The antioxidants were dissolved in DMSO to a concentration of 0.4 
mM and further diluted in the phosphate buffer (pH 7.4) to a final concentration 
of 4 M. In the actual measurement, antioxidant (500 L of 4 M solution) was 
mixed with ABTS• (500 L of 60 M solution) and incubated at 37 °C. After 5 
min the absorbance at 734 nm was measured. The concentration of the ABTS• was 
determined by using its molecular extinction coefficient of 1.5 × 104 M−1cm−1. 
Control experiments showed that DMSO and the phosphate buffer did not 
interfere with the assay. The antioxidant capacity is expressed as the number of 
ABTS• that has reacted with one molecule of the antioxidant within the 5 min 
incubation period. All measurements were performed, at least, in triplicate. Data 
are expressed as mean ± standard deviation. 
 
Molecular Quantum Calculations 
The density functional theory (DFT) using the B3LYP hybrid functional with the 
6-31G* basis set in Spartan ’10 (Wavefunction, Irvine, CA, USA) was utilized 
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for calculating the equilibrium geometry, and for determining the dihedrals (φ), 
the angles between the plane of the AC-ring and that of the B-ring, of quercetin 
(Q), rutin (R1) and quercetin-3-OMe (Q1). 
 
Synthesis 
General 
Quercetin·2H2O, dichlorodiphenylmethane, benzyl bromide, iodomethane, 
potassium carbonate, sodium bicarbonate, MgSO4 and silica-gel 60 A (0.060–
0.200 mm) were purchased from Acros Organics and used as received. All 
solvents were obtained from Sigma-Aldrich and were of analytical grade. N-
Methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF) were distilled at 
reduced pressure before use. For the 1H-NMR data, chemical shifts are recorded 
in ppm downfield from tetramethylsilane. J values are given in Hz. 
Abbreviations used are s (singlet), d (doublet), dd (double doublet), t (triplet), b 
(broad) and bm (broad multiplet). Melting points (Mp) were measured on a 
differential scanning calorimetric apparatus (Mettler DSC 12E) and were not 
corrected. 
 
Protection of the Catechol Group of Quercetin. Synthesis of 2-(2,2-
Diphenylbenzo [1,3]dioxol-5-yl)-3,5,7-trihydroxychromen-4-one (1) 
To a solution of quercetin (2.0 g, 5.9 mmol) in NMP (60 mL), 
dichlorodiphenylmethane (5.8 mL, 30 mmol) was added. The solution was 
heated to 165 °C, stirred for 1 h and then cooled to room temperature (RT). The 
solution was diluted with EtOAc (150 mL), washed with 0.1 M HCl (100 mL) 
and saturated NaCl (aq.). The organic layer was dried over MgSO4, the drying 
agent was filtered and the filtrate was dried in vacuo. The crude product was 
purified by flash column chromatography using toluene/EtOAc (9:1, v/v) as 
eluent. The eluent was evaporated and compound 1 (2.0 g, 4.3 mmol, 70%) was 
thus isolated. 1H-NMR ([D3]MeCN, 300 MHz): 6.21 (d, J = 2.1 Hz, 1H, H6), 
6.48 (d, J = 2.1 Hz, 1H, H8), 7.24 (dd, J = 8.7 Hz, 2.0 Hz, 1H, H5′), 7.46–7.61 (bm, 
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10H, diphenyl protons), 7.81 (d, J = 2.0 Hz, 1H, H2′), 7.84 (b, 1H, H6′), 12.39 (s, 
1H, 5-OH). 
 
Synthesis of Quercetin-3-OMe (Q1) and Quercetin-3,7-OMe (Q2) 
To a solution of 1 (0.60 g, 1.3 mmol) and potassium carbonate (182 mg, 1.3 mmol) 
in DMF (12 mL), an excess of iodomethane (0.20 mL, 3.2 mmol) was added. The 
reaction mixture (RM) was stirred at RT overnight for 3 h. The mixture was 
diluted with 0.1 M HCl (30 mL) and extracted with EtOAc (50 mL). The organic 
layer was washed with saturated NaCl (aq.) and dried over MgSO4. The drying 
agent was filtered and the filtrate was evaporated in vacuo. The resulting residue 
was refluxed in acetic acid/water (8:2, 100 mL) for 3 h and then cooled down to 
RT. The RM was diluted with water (100 mL)  and extracted with EtOAC (200 
mL). The organic layer was washed with saturated NaHCO3 (aq.) (100 mL), water 
(100 mL) and saturated NaCl (aq.) (100 mL). The organic layer was dried over 
MgSO4, the drying agent was filtered and the filtrate was dried in vacuo. The 
crude product was purified by flash column chromatography using 
toluene/EtOAc (10:3, v/v) to afford 100 mg of Q1 (0.31 mmol, 24%) and 150 
mg of Q2 (0.45 mmol, 35%), after removal of the eluents in vacuo. 
 
Quercetin-3-OMe (Q1). 1H-NMR ([D3]MeCN, 300 MHz): 3.79 (s, 3H, 3-
OCH3), 6.20 (d, J = 2.1 Hz, 1H, H6), 6.42 (d, J = 1.8 Hz, 1H, H8), 6.91 (d, J = 8.4 
Hz, 1H, H5′), 7.46 (dd, J = 8.4, 2.4 Hz, 1H, H6′), 7.56 (d, J = 2.4 Hz, 1H, H2′), 
12.72 (s, 1H, 5-OH). 
Quercetin-3,7-OMe (Q2). 1H-NMR ([D3]MeCN, 400 MHz): 3.81 (s, 3H, 3-OCH3), 
3.87 (s, 3H, 7-OCH3), 6.38 (b, 1H, H6), 6.73 (b, 1H, H8), 7.12 (d, J = 8.8 Hz, 1H, 
H5′), 7.58 (b, 2H, H2′, H6′), 9.44 (s, 1H, 3′-OH), 12.65 (s, 1H, 5-OH). 
 
Synthesis of Quercetin-3,7,4′-OMe (Q3) and Quercetin-3,7,3′,4′-OMe (Q4) 
To a solution of quercetin (0.25 g, 0.74 mmol) and potassium carbonate (0.30 g, 
2.2 mmol) in DMF (6 mL), iodomethane (0.20 mL, 3.2 mmol) was added. The 
RM was stirred at RT overnight. The mixture was diluted with 0.2 M HCl (15 
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mL) and extracted with EtOAc (30 mL). The organic layer was washed with 
saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered and 
the filtrate was evaporated in vacuo. The resulting residue was purified by flash 
column chromatography using CHCl3/EtOAc (95:5, v/v) as eluent. Two products 
were isolated. The eluents were concentrated in vacuo and the products were 
precipitated from iso-hexane. The different precipitates were dried in vacuo to 
afford 0.13 g of Q3 (0.39 mmol, 53%) and 46 mg of Q4 (0.13 mmol, 17%). 
 
Quercetin-3,7,4′-OMe (Q3). 1H-NMR ([D3]MeCN, 400 MHz): 3.81 (s, 3H, 3-
OCH3), 3.87 (s, 6H, 4′-OCH3, 7-OCH3), 6.38 (d, J = 2.1 Hz, 1H, H6), 6.73 (d, J = 
2.0 Hz, 1H, H8), 7.12 (d, J = 9.2 Hz, 1H, H5′), 7.58 (b, 2H, H2′, H6′), 9.44 (s, 1H, 
3′-OH), 12.65 (s, 1H, 5-OH). 
 
Quercetin-3,7,3′,4′-OMe (Q4). 1H-NMR (CDCl3, 300 MHz): 3.88 (s, 3H, 3′-
OCH3), 3.89 (s, 3H,  
3-OCH3), 3.98 (s, 3H, 4′-OCH3), 3.99 (s, 3H, 7-OCH3), 6.37 (d, J = 2.1 Hz, 1H, 
H6), 6.46 (d, J = 2.1 Hz, 1H, H8), 7.00 (d, J = 8.4 Hz, 1H, H5′), 7.70 (d, J = 1.8 
Hz, 1H, H2′), 7.75 (dd, J = 8.4, 2.1 Hz, 1H, H6′), 12.65 (s, 1H, 5-OH). 
 
Synthesis of Quercetin-penta-OMe (Q5) 
To a solution of quercetin (0.20 g, 0.59 mmol) and potassium carbonate (0.45 g, 
3.3 mmol) in DMF (5 mL), iodomethane (0.40 mL, 6.4 mmol) was added. The 
RM was stirred at RT overnight. The mixture was diluted with 0.2 M HCl (15 
mL) and extracted with EtOAc (30 mL). The organic layer was washed with 
saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered and 
the filtrate was evaporated in vacuo. The resulting residue was crystallized from 
EtOAc (1 mL) and then washed twice with cold EtOAc (0.5 mL). The crystals 
were dissolved in DCM, precipitated from iso-hexane and then dried in vacuo to 
afford Q5 (0.10 g, 0.27 mmol, 46%). 
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Quercetin-penta-OMe (Q5). 1H-NMR (CDCl3, 300 MHz): 3.89 (s, 3H, 3′-OCH3), 
3.92 (s, 3H, 3-OCH3), 3.97 (b, 9H, 5-OCH3, 7-OCH3, 4′-OCH3), 6.36 (d, J = 2.1 
Hz, 1H, H6), 6.52 (d, J = 2.4 Hz, 1H, H8), 6.99 (d, J = 9 Hz, 1H, H5′), 7.70 (d, J = 
1.8 Hz, 1H, H2′), 7.73 (b, 1H, H6′). 
 
Synthesis of Quercetin-3,7,4′-OBn (2) and Quercetin-3,7,3′,4′-OBn (3) 
To a solution of quercetin (1.0 g, 3.0 mmol) and potassium carbonate (1.4 g, 10 
mmol) in DMF  
(20 mL), benzyl bromide (2.2 mL, 18 mmol) was added. The RM was stirred at 
RT overnight. The mixture was diluted with 0.3 M HCl (60 mL) and extracted 
with EtOAc (100 mL). The organic layer was washed with saturated NaCl (aq.) 
and dried over MgSO4. The drying agent was filtered and the filtrate was 
evaporated in vacuo. The resulting residue was purified by flash column 
chromatography using CHCl3/EtOAc (95:5, v/v) to afford 0.80 g of 2 (1.4 mmol, 
47%) and 0.66 g of 3 (1.0 mmol, 33%), after removal of the eluents in vacuo. 
Quercetin-3,7,4’-OBn (2): Mp 150.8 °C (150–152 °C), Quercetin-3,7,3′,4′-OBn 
(3): Mp 145.2 °C (140–142 °C) [12]. 
 
Synthesis of Quercetin-3,7,4′-OBn-3′-OMe (4) 
To a solution of 2 (0.20 g, 0.35 mmol) and potassium carbonate (50 mg, 0.36 
mmol) in DMF (5 mL), an excess of iodomethane (0.10 mL, 1.6 mmol) was 
added. The RM was stirred at RT overnight. The mixture was diluted with 0.3 M 
HCl (15 mL) and extracted with EtOAc (30 mL). The organic layer was washed 
with saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered 
and the filtrate was evaporated in vacuo. The residue was purified by flash 
column chromatography using CHCl3/EtOAc (95:5, v/v) as eluent. The eluent 
was concentrated in vacuo and the residue was precipitated from methanol. The 
precipitate was dried in vacuo to afford 0.15 g (0.26 mmol, 74%) of Quercetin-
3,7,4′-OBn-3′-OMe (4). Mp 141.8 °C (142–144 °C) [12]. 
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Synthesis of Quercetin-3,7,4′-OBn-5,3′-OMe (5) 
To a solution of 2 (0.20 g, 0.35 mmol) and potassium carbonate (0.15 g, 1.1 
mmol) in DMF (5 mL), an excess of iodomethane (0.10 mL, 1.6 mmol) was 
added. The RM was stirred at RT overnight. The mixture was diluted with 0.3 M 
HCl (10 mL) and extracted twice with EtOAc (30 mL). The combined organic 
layer was washed with saturated NaCl (aq.) and dried over MgSO4. The drying 
agent was filtered and the filtrate was evaporated in vacuo. The product was 
recrystallized from toluene and dried in vacuo to afford 0.13 g (0.22 mmol, 63%) 
of Quercetin-3,7,4′-OBn-5,3′-OMe (5). Mp 139.6 °C. 
 
Synthesis of Quercetin-3,7,3′,4′-OBn-5-OMe (6) 
To a solution of 3 (0.20 g, 0.30 mmol) and potassium carbonate (50 mg, 0.36 
mmol) in DMF (5 mL), an excess of iodomethane (0.10 mL, 1.6 mmol) was 
added. The RM was stirred at RT overnight. The mixture was diluted with 0.3 M 
HCl (15 mL) and extracted with EtOAc (30 mL). The organic layer was washed 
with saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered 
and the filtrate was evaporated in vacuo. The residue was purified by flash 
column chromatography using CHCl3/EtOAc (95:5, v/v) as eluent. The eluent 
was dried in vacuo to afford 0.18 g (0.27 mmol, 90%) of Quercetin-3,7,3′,4′-
OBn-5-OMe (6). Mp 159.8 °C (156–158 °C) [12]. 
 
Debenzylation of 4, 5 and 6: Synthesis of Quercetin-3′-OMe (I1), Quercetin-5,3′-
OMe (I2) and Quercetin-5-OMe (Q6), respectively (see section 4.3.17 “General 
procedure for debenzylation”) 
 
Synthesis of 2-(2,2-Diphenylbenzo [1,3]dioxol-5-yl)-3-benzyloxy-5,7-
dihydroxychromen-4-one (2*) and 2-(2,2-Diphenylbenzo [1,3]dioxol-5-yl)-3,7-
dibenzyloxy-5-hydroxychromen-4-one (3*) 
To a solution of 1 (0.60 g, 1.3 mmol) and sodium bicarbonate (0.13 g, 1.5 mmol) 
in DMF (12 mL), an excess of benzyl bromide (1.0 mL, 8.2 mmol) was added. 
The RM was stirred at RT overnight. The mixture was diluted with 0.1 M HCl (30 
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mL) and extracted with EtOAc (50 mL). The organic layer was washed with 
saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered and 
the filtrate was evaporated in vacuo. The resulting residue was purified by flash 
column chromatography using toluene/EtOAc (100:5, v/v) to afford 0.24 g (0.43 
mmol, 33%) of 2-(2,2-Diphenylbenzo [1,3]dioxol-5-yl)-3-benzyloxy-5,7-
dihydroxychromen-4-one (2*) and 0.51 g (0.79 mmol, 61%) of 2-(2,2-
Diphenylbenzo [1,3]dioxol-5-yl)-3,7-dibenzyloxy-5-hydroxychromen-4-one (3*). 
 
Monomethylation of 2*: Synthesis of 2-(2,2-Diphenylbenzo [1,3]dioxol-5-yl)-3-
benzyloxy-5-hydroxy-7-methoxychromen-4-one (4*) 
To a solution of 2* (0.20 g, 0.36 mmol) and potassium carbonate (45 mg, 0.33 
mmol) in DMF (5 mL), an excess of iodo methane (0.10 mL, 1.6 mmol) was 
added. The RM was stirred at RT overnight. The mixture was diluted with 0.1 M 
HCl (15 mL) and extracted with EtOAc (30 mL). The organic layer was washed 
with saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered and 
the filtrate was evaporated in vacuo. The resulting residue was purified by flash 
column chromatography using toluene/EtOAc (100:5, v/v) to afford 0.16 g (0.28 
mmol, 78%) of 2-(2,2-Diphenylbenzo [1,3]dioxol-5-yl)-3-benzyloxy-5-hydroxy-
7-methoxychromen-4-one (4*). Mp 134.8 °C (134–136 °C) [12]. 
 
Debenzylation of 4*: Synthesis of Quercetin-7-OMe (Q7) (see section 4.3.17 
“General procedure for debenzylation”) 
 
Tribenzylation of Compound 1 Followed by Selective Deprotection of the 
Catechol Moiety: Synthesis of Quercetin-3,7-OBn (5*) 
To a solution of 1 (0.60 g, 1.3 mmol) and potassium carbonate (0.55 g, 4.0 
mmol) in DMF (12 mL), an excess of benzyl bromide (1.0 mL, 8.2 mmol) was 
added. The RM was stirred at RT overnight. The mixture was diluted with 0.1 M 
HCl (30 mL) and extracted with EtOAc (50 mL). The organic layer was washed 
with saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered 
and the filtrate was evaporated in vacuo. The resulting residue was refluxed in 
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acetic acid/water (8:2, 100 mL) for 3 h and then cooled down to RT. The 
reaction mixture (RM) was diluted with water (100 mL) and extracted with of 
EtOAc (200 mL). The organic layer was washed with saturated NaHCO3 (aq.) (100 
mL), water (100 Ml) and saturated NaCl (aq.) (100 mL). The organic layer was 
dried over MgSO4, the drying agent was filtered and the filtrate was dried in 
vacuo. The crude product was purified by flash column chromatography using 
toluene/EtOAc (10:1, v/v) to afford 0.38 g (0.78 mmol, 60%) of Quercetin-3,7-
OBn (5*), after removal of the eluents in vacuo. Mp 201.5 °C (202–204 °C) [12]. 
 
Monomethylation of 5*: Synthesis of Compound Quercetin-3,7-OBn-4′-OMe 
(6*) 
To a solution of 5* (0.28 g, 0.58 mmol) and potassium carbonate (75 mg, 0.54 
mmol) in DMF (7 mL), an excess of iodomethane (0.10 mL, 1.6 mmol) was 
added. The RM was stirred at RT for 3 h. The mixture was diluted with 0.1 M 
HCl (15 mL) and extracted with EtOAc (30 mL). The organic layer was washed 
with saturated NaCl (aq.) and dried over MgSO4. The drying agent was filtered and 
the filtrate was evaporated in vacuo. The resulting residue was purified by flash 
column chromatography using toluene/EtOAc (100:5, v/v) to afford 0.20 g (0.40 
mmol, 69%) of Quercetin-3,7-OBn-4’-OMe (6*). Mp 146.8 °C (144–146 °C) 
[12]. 
 
Debenzylation of 6*: Synthesis of Quercetin-4′-OMe (Q8) (see section 4.3.17 
“General procedure for debenzylation”) 
 
General Procedure for Debenzylation: Synthesis of Quercetin-3′-OMe (I1), 
Quercetin-5,3′-OMe (I2), Quercetin-5-OMe (Q6), Quercetin-7-OMe (Q7) and 
Quercetin-4′-OMe (Q8) 
A suspension of 0.2 mmol of the benzylated product in HCl (36%, 10 mL) and 
glacial acid (10 mL) was refluxed for 4 h and then cooled down to RT. The 
reaction mixture (RM) was diluted with water (100 mL) and extracted with 
EtOAc (200 mL). The organic layer was washed with saturated NaHCO3 (aq.) 
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(100 mL), water (100 mL) and saturated NaCl (aq.) (100 mL).. The organic layer 
was dried over MgSO4, the drying agent was filtered and the filtrate was 
concentrated in vacuo. The products were precipitated from iso-hexane and the 
precipitates were dried in vacuo. 
 
Quercetin-3′-OMe (I1). (60 mg, 0.19 mmol, 95%). 1H-NMR ([D6]DMSO, 300 
MHz): 3.86 (s, 3H, 3′-OCH3), 6.21 (d, J = 2.1 Hz, 1H, H6), 6.49 (d, J = 2.1 Hz, 
1H, H8), 6.95 (d, J = 8.4 Hz, 1H, H5′), 7.70 (dd, J = 8.4, 2.1 Hz, 1H, H6′), 7.77 (d, 
J = 2.1 Hz, 1H, H2′), 9.45 (b, 1H, 3-OH), 9.75 (b, 1H, 4′-OH), 10.79 (b, 1H, 7-
OH), 12.48 (s, 1H, 5-OH). 
 
Quercetin-5,3′-OMe (I2). (63 mg, 0.19 mmol, 95%). 1H-NMR ([D6]DMSO, 300 
MHz): 3.84 (s, 3H, 3′-OCH3), 3.85 (s, 3H, 5-OCH3), 6.37 (d, J = 2.1 Hz, 1H, H6), 
6.54 (d, J = 2.1 Hz, 1H, H8), 6.94 (d, J = 8.4 Hz, 1H, H5′), 7.64 (dd, J = 8.4, 2.1 
Hz, 1H, H6′), 7.73 (d, J = 2.1 Hz, 1H, H2′), 8.69 (s, 1H, 3-OH), 9.61 (b, 1H, 4′-
OH), 10.70 (b, 1H, 7-OH). 
 
Quercetin-5-OMe (Q6). (50 mg, 0.16 mmol, 80%). 1H-NMR ([D6]DMSO, 300 
MHz): 3.84 (s, 3H, 5-OCH3), 6.36 (d, J = 2.1 Hz, 1H, H6), 6.46 (d, J = 2.1 Hz, 
1H, H8), 6.88 (d, J = 8.4 Hz, 1H, H5′), 7.49 (dd, J = 8.4, 2.1 Hz, 1H, H6′), 7.63 (d, 
J = 2.1 Hz, 1H, H2′), 8.62 (b, 1H, 3-OH), 9.30 (b, 1H, 3′-OH), 10.72 (b, 1H, 7-
OH). 
 
Quercetin-7-OMe (Q7). (55 mg, 0.17 mmol,85 %). 1H-NMR ([D6]DMSO, 300 
MHz): 3.88 (s, 3H, 7-OCH3), 6.36 (d, J = 2.1 Hz, 1H, H6), 6.71 (d, J = 2.1 Hz, 
1H, H8), 6.91 (d, J = 8.7 Hz, 1H, H5’), 7.59 (dd, J = 8.4, 2.1 Hz, 1H, H6′), 7.74 (d, 
J = 2.1 Hz, 1H, H2′), 9.49 (b, 1H, 3-OH), 12.50 (s, 1H, 5-OH). 
 
Quercetin-4′-OMe (Q8). (60 mg, 0.19 mmol, 95%). 1H-NMR ([D6]DMSO, 300 
MHz): 3.86 (s, 3H, 4′-OCH3), 6.20 (d, J = 1.8 Hz, 1H, H6), 6.43(d, J = 2.1 Hz, 
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1H, H8), 7.09 (d, J = 8.7 Hz, 1H, H5’), 7.66 (bm, 2H, H2′ & H6′), 9.34 (s, 1H, 3′-
OH), 9.47 (b, 1H, 3-OH), 10.82 (b, 1H, 7-OH), 12.46 (s, 1H, 5-OH). 
 
Quercetin-5,7,3′,4′-OMe (I3) 
Quercetin-5,7,3′,4′-OMe (I3) was available from an earlier study, and was 
obtained by the demethylation of Q5 with an excess of AlCl3 [21]. 
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ABSTRACT 
Quercetin (Q) is a ubiquitous dietary anti-oxidant. There is a growing awareness 
that various health effects of Q are for the greater part mediated by its 
metabolites, especially the mono-O-methylated derivatives. To selectively 
synthesize mono-O-methylated derivatives of Q, it is imperative to protect its 
catechol moiety first. Therefore, we have developed a refined method for the 
protection of the catechol moiety of Q using micro-reactor technology. The 
micro-reactor consists of a flow system in which the reactants are mixed in a 
highly controlled and well-defined micro-reactor. The advantage of this system 
is the reproducibility and the relatively high purity that can be achieved. 
Additionally, larger quantities can be produced with relative ease by scaling out. 
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Introduction 
Quercetin (Q) is one of the most studied flavonoids in vitro because of its 
relatively high anti-oxidant capacity, which is implicated in its health effects [1]. 
However, Q is readily metabolized in vivo [2] and it is therefore imperative to 
test the biological effect of its metabolites as well. In order to make these 
metabolites available for biological testing, efficient synthetic strategies have to 
be developed. In addition, chemical modification may generate new derivatives 
with a biological activity superior to that of Q. This is exemplified by the semi-
synthetic flavonoid, monohydroxyethyl rutinoside (monoHER), that efficiently 
protects against the cardiotoxic side-effect of doxorubicin in mice [3].  
The chemical modification explored in the present study is O-methylation, since 
the O-methylated metabolites have been implicated in the health effect of Q. 
Moreover, methylation is a subtle structural modification that can improve the 
cellular uptake and metabolic stability of Q [4]. The aim of this study is to 
develop a refined method for the O-methylation of Q using micro-reactor 
technology (MRT). The MRT consists of a flow system in which reactants are 
mixed in a highly controlled and well-defined micro-reactor. The advantage of 
this system is the reproducibility and the relative ease of optimizing and up-
scaling to a “Kilo-Flow” [5]. 
 
Results and discussion 
In general, phenolics can be readily O-methylated by using a non-nucleophilic 
base and a methylhalide, such as MeI. A problem is that Q contains several 
hydroxyl groups, i.e. 3-, 7- and 4’-OH, with similar reactivity (Figure 1). This is 
because 7-, 4’- and 3-OH groups of Q are conjugated through the π-system with 
the carbonyl group in the 4 position that can lead to keto-enol tautomerisation. 
This precludes the selective mono-O-methylation of Q and causes that direct 
methylation always leads to mixtures of mono-, di- and tri-O-methylated 
derivatives of Q, which cannot be efficiently separated. Bouktaib et al. [6] 
developed a strategy that is based on selective protection of the catechol moiety 
with dichlorodiphenylmethane (1). 
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Figure 1. Left illustrates the electrostatic potential map of quercetin, with blue 
indicating the acidic sites and red indicating the nucleophilic groups. Right is a 
depiction of keto-enol tautomerization of quercetin, explaining the similar 
acidity of its 3-, 7- and 4’-OH groups. 
 
Protection of the catechol moiety of Q does not proceed under basic conditions 
at room temperature [6], because compound 1 is too bulky to undergo an SN2 
reaction. Relatively high temperatures are needed for 1 to form a carbocation that 
is reactive enough towards the hydroxylgroups of Q (Scheme 1). The protection 
of Q is highly selective because of the relatively high nucleophilicity of the 
3’OH (Figure 1) and the close proximity of the 4’OH.    
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Scheme 1. Proposed SN1 mechanism for the protection of Q with 
dichlorodiphenylmethane. 
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For batch chemistry, the reaction needs around 1 hour to complete at 160-180 
°C. This also means that only high boiling point solvents, such as NMP, can be 
used. Many side products (even under inert environment) are formed under these 
conditions, compromising the yield (Table 1) and leading to tedious purification 
steps.  
With MRT, relatively high temperatures for low boiling point solvents are 
possible, because the reaction mixture (RM) is pressurized in the micro-reactor. 
This broadens the spectrum of the solvents that can be used. Hence, solvents 
such as DMF (bp. 153 °C) and toluene (bp. 111 °C) can be used in MRT 
reactions proceeding at 180 °C. In addition, the RM needs around 5 minutes at 
180 °C to complete, preventing slower forming products. 
Reactions of Q in DMF produce less oxidation products than in NMP. Toluene is 
used to dissolve compound 1, because of the relatively low hygroscopy of 
toluene. Working with dry solvents and dry reagents is important to prevent 
hydrolysis of compound 1. 
Several micro-reactor vessels have been tested and we found that the 3224 model 
(Figure 2) yields the highest conversion by far (>95%). This is because the 3224 
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model has an integrated staggered oriented ridge mixer that efficiently mixes 
reactants. The reactions were performed in NMP and DMF at different residence 
times (1 to 15 minutes) and different temperatures (160 to 180 °C), and the 
conversion was monitored with LC-MS. For the setup used, the optimum is 5 
minutes residence time at a temperature of 180 °C. The obtained yield is 
reproducibly around 90 %, but more importantly the purification step was a 
simple filtration on small amount of silica.  
 
Figure 2. The 3224 micro-reactor has an integrated staggered oriented ridge 
mixer and a reactor volume of 15 µl.  
 
Compared to the batch chemistry; lots of time, reactants, solvents and silica can 
be saved. Even though the micro-reactor used can only produce around 200 
mg/day, which is sufficient for biological assays, it can easily be up-scaled to 
produce more than 1000 times more (Table 1). 
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Table 1. Comparison between batch chemistry and flow chemistry for the 
protection of catechol moeiety of Q. 
 Solvent/MRT – Kilo 
Flow 
Solvent/Batch (250 – 
1000 ml) 
Q (g) DMF/0.200-200 NMP/0.100-10 
Dichlorodiphenylmethane 
(eq) 
Toluene/3 eq NMP/5 eq 
Obtained yield of QB (%) >90 40-70 
 
Methylation of QB or Q appeared to be difficult with the MRT, due to the poor 
solubility of the bases used. Sodium carbonate, potassium carbonate and their 
bicarbonate forms block the micro-reactor channels because of their poor 
solubility in the solvents used, i.e. MeCN, NMP, DMF, and DMSO. If the 
carbonate solution is filtered first, the conversion drastically decreases to around 
10%. Sodium ethoxide is also poorly soluble in polar solvents, such as DMF, and 
appears to rapidly oxidize Q or QB. When Q or QB is first mixed with MeI and 
the base is added later, then the ethoxide reacts faster with MeI. Triethylamine is 
soluble in DMF but it rather reacts with MeI instead of deprotonating Q. In 
addition, the methylated triethylamine forms a quaternary salt that precipitates 
and blocks the channels of the micro-reactor. 
In conclusion; protection of the catechol moiety of Q is efficiently realized using 
MRT. Methylation of QB is achieved with batch chemistry.  
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Experimentals 
General  
Quercetin·2H2O, dichlorodiphenylmethane, MgSO4 and silica-gel 60 A (0.060–
0.200 mm) were purchased from Acros Organics and used as received. All 
solvents were obtained from Sigma-Aldrich and were of analytical grade. 
Toluene and dimethylformamide (DMF) were distilled at reduced pressure and 
were kept dry with molecular sieves. The micro-reactor reactions were 
performed with the Labtrix®-S1, which is a flow system that is fully automated. 
NMR were recorded on a Bruker BioSpin AG 300 spectrometer and the 
chemical shifts are given in ppm downfield from tetramethylsilane. J values are 
given in Hz. Abbreviations used are s (singlet), d (doublet), dd (double doublet), 
t (triplet), b (broad) and bm (broad multiplet). The reactions were monitored with 
LC-MS using a Shimadzu LCMS-2020 and VisionHT C18 classic (length = 100 
mm, diameter = 2.0 mm, 1.5 µm) UHPLC columns.   
 
Molecular Quantum Calculations 
The density functional theory (DFT) using the B3LYP hybrid functional with the 
6-31G* basis set in Spartan ’10 (Wavefunction, Irvine, CA, USA) was utilized 
for calculating the equilibrium geometry, and for generating the electron 
potential map of quercetin. 
 
General procedure for the batch reactions 
The batch reactions were performed according to earlier work [1,6]. 
 
General procedure for MRT reactions 
First, the MRT was purged with 100 ul of the solvents used at 10ul/min through 
the needles A and B (Figure 3). After preparation of the solution of the reaction 
mixtures (RM), the reaction was started by pumping the solutions into the micro-
reactor. The reaction was held at a constant pressure of 25 bar. Product collection 
started after at least 50 ul was collected at the required flow and temperature. 
Only the experiment with the best result is described. 
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Figure 3. Simplified representation of the micro-reactor system. 
 
Protection of the Catechol Group of Quercetin. Synthesis of 2-(2,2-
Diphenylbenzo [1,3]dioxol-5-yl)-3,5,7-trihydroxychromen-4-one (QB) 
Needle A, containing 1 ml of a solution of Q (55 mg, 0.16 mmol) in DMF, and 
needle B, containing 1 ml of a solution of compound 1 (90 µl, 0.47 mmol) in 
toluene, were attached to the pump of the MRT system. The solutions were 
pumped through the micro-reactor model 3224 at a flow of 3 µl/min till the right 
pressure (25 bar) and temperature (180 °C) were reached. A total of 100 µl (50 
µl from each needle) of the RM was pumped through the system before product 
collection was initiated. After 5 hours, 1900 ul of the RM is collected, diluted 
with water and extracted with ethylacetate (EA). The organic layer is washed 
with saturated NaCl (aq) and dried over MgSO4 (s). The drying agent is filtered 
and the organic layer is evaporated. The above procedure is repeated 3 times 
before purification with silica column. All the products (from 3x55 mg of Q) are 
dissolved in toluene (Tol) and the remainings of compound 1 is filtered through 
silica. A mixture of Tol/EA (9:1, v/v) is used to collect the product from the 
silica. After the evaporation of the solvents, 182 mg (0.39 mmol, 93 % of the 
collected product) of QB was isolated. 1H-NMR ([D3]MeCN, 300 MHz): 6.21 
(d, J = 2.1 Hz, 1H, H6), 6.48 (d, J = 2.1 Hz, 1H, H8), 7.24 (dd, J = 8.7 Hz, 2.0 Hz, 
1H, H5′), 7.46–7.61 (bm, 10H, diphenyl protons), 7.81 (d, J = 2.0 Hz, 1H, H2′), 7.84 
(b, 1H, H6′), 12.39 (s, 1H, 5-OH). MS: m/z = 466, TIC (+) 466, TIC (-) 465. 
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Quercetin radical’s unpaired electron is delocalized in 
conjugated π-system of its B-ring 
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ABSTRACT 
The delocalization of the unpaired electron in the quercetin radical (Q) is 
responsible for its relative low reactivity, which is crucial in the antioxidant 
activity of quercetin. Electron Spin Resonance (ESR) spectra of Q and that of 
several structural related radicals were recorded to identify the structural 
elements of Q responsible for the delocalization. The ESR spectrum of Q has 8 
peaks consisting of a doublet (a = 3.18 G, caused by 6’H), split in smaller 
doublets (a = 1.480 G, caused by 5’H) that are further split into smaller doublets 
(a = 0.652 G, caused by 2’H). Only protons in the B-ring were found to directly 
influence the ESR spectrum Q and the tested analogues. The two oxygen atoms 
in the B-ring (i.e. 3’O and 4’O) as well as the AC-ring (attached to C1’) have an 
electron donating effect that stabilizes the electron deficient π-system in the B-
ring of Q. O-Methylation of the 3OH group annihilated the electron donating 
effect of the AC-ring, demonstrating the importance of un-substituted 3-OH 
group. Based on the findings, it is concluded that the unpaired electron is caged 
primarily in the conjugated π-system of the B-ring of Q, with relatively high 
spin densities on C1’, C3’ and C4’.   
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Introduction  
Quercetin (Q), 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-4-
one, is one of the most prominent dietary flavonoids in the Western diet [1,2]. It 
is an extremely potent radical scavenger and this activity is implicated in its 
health benefits. During radical scavenging, a highly reactive and therefore 
harmful radical is neutralized by Q through the donation of an electron. In the 
scavenging reaction; the radical is transformed into a relatively harmless non-
radical, while Q is transformed into a relatively stable radical. The low reactivity 
of the Q radical (Q) is caused by delocalization of the unpaired electron (UE) 
over the Q molecule. Although this concept is widely acknowledged, the exact 
mechanism of delocalization of the UE over the molecule is not well established. 
Also the roles of various structural elements in Q, e.g. the A, B and C ring, in 
the delocalization of UE are still enigmatic.  
The radicals of flavonoids can be investigated using electron spin resonance 
spectroscopy (ESR). The ESR spectrum caused by the spin of the UE is 
influenced by the nucleus of para-magnetic atoms in the neighborhood of the 
UE. The nuclei of these atoms give rise to different peaks in the ESR spectrum, 
comparable to that in nuclear magnetic resonance spectroscopy (NMR).  
In the ESR spectrum of Q and the other compounds tested in the present study, 
the interaction between the protons and the UE is of relevance. A proton can 
cause a doublet provided it is close enough to interact with the UE. The higher 
the interaction between proton and UE, the larger the distance between the peaks 
of the doublet, i.e. the larger the splitting constant.  
In the spectrum, the splitting of different protons is superimposed. Two un-
equivalent protons will give 4 peaks, each with comparable intensity. Two 
equivalent protons will give a triplet with a relative intensity of the peaks of 
1:2:1 following Pascal’s triangle. Consequently, three equivalent protons will 
give a quartet (relative intensities 1:3:3:1), 4 equivalent protons will give a 
quintet (relative intensities 1:4:6:4:1) and so forth. In this way, complex spectra 
can be derived. So, the spectrum of a radical provides information on the protons 
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that have influenced the spectrum. The splitting constant (a) can be used to 
calculate the spin density (ρπ) using O’Connels equation: a = 29*ρπ [3].  
In the present study, the ESR spectra of Q and that of several structural related 
radicals were recorded and examined to resolve the delocalization of the UE and 
to identify the structural elements of Q responsible for this delocalization. 
 
Materials and Methods 
Chemicals 
All the tested compounds had a purity of at least 95 % on HPLC. 
Quercetin.2H2O was purchased from Acros Organics, para-hydroxyphenol, 
kaempferol and myricetin from Fluka, and catechol from Janssen Chimica. The 
methylated derivatives of quercetin (Table 1) were synthesized earlier [4]. All 
other chemicals were of the highest grade of purity available. 
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Table 1. The structures of quercetin (Q) and its analogues that are investigated 
in this study. 
O
OOH
R3
R4'
OH
R3'
R5'
 A  C
 B
1'
2'
6'
3'
4'
5'2
3
1
4
5
6
7
8
 
Compound R3 R3′ R4′ R5′ 
Q OH OH OH H 
Myricetin OH OH OH OH 
Kaempferol OH H OH H 
3MQ OCH3 OH OH H 
3’MQ OH OCH3 OH H 
4’MQ OH OH OCH3 H 
 
Electron Spin Resonance  
The ESR spectra were recorded on a Bruker ESP300 ESR spectrometer. 
Modulation frequency was 100 kHz, the amplitude 1 G. Microwave frequency 
was set at 9.79 GHz, with a power of 20 mW. Magnetic field sweep widths were 
in the range 0.9–2.0 mT, depending on the spectral widths. For most 
measurements a modulation amplitude of 0.01 mT was used, and the spectrum 
was accumulated in ten scans. After placing the flat cell in the microwave cavity, 
the spectrometer was tuned manually to minimize the time between start of the 
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reaction and recording the spectrum. The hyperfine couplings (a) observed in the 
ESR spectrum were used to calculate the spin densities (ρπ) on the carbons 
according to O’Connell’s equation: a = 29*ρπ [3]. 
 
Sample preparation  
The compounds tested were dissolved in DMSO to a concentration of 1-5 mM. 
250 μL of 0.1-1 M solution of NaOH (aq) was added to 650 μL of the flavonoid 
solution in a flat cell. This resulted in the oxidation of the flavonoid [5,6].  
 
Molecular quantum calculations 
To generate the spin-distribution graphically, the Hartree-Fock equilibrium 
geometry optimization was used, followed by equilibrium optimization with 
Moller Plesset MP2 basis set in Spartan ‘10.  
 
Statistics 
All experiments were performed, at least, in triplicate. Data are expressed as 
means ± SD or as a typical example. 
 
Results 
To unravel the complicated ESR spectrum of Q, the ESR spectra of para-
hydroxyphenol radical and catechol radical were recorded first (Figure 1). The 
ESR spectrum of the radical of para-hydroxyphenol is a typical quintet [7], 
following Pascal’s triangle. The observed quintet can be explained by the 
interaction of the UE with 4 equivalent protons located at the positions 2’-, 3’-, 
5’- and 6’. The hyperfine coupling constant is 2.337 G. The ESR spectrum of the 
catechol radical shows a triplet that is split into a smaller triplet (Figure 1). The 
hyperfine coupling (3.549 G) of the large triplet is attributed to the two 
equivalent protons located at the 1’ and 6’ position. The hyperfine coupling 
(0.8405 G) of the smaller triplet is attributed to the other 2 equivalent protons 
located at the 2’ and 5’ position as further elaborated in the discussion. 
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Para-hydroxyphenol radical        Catechol radical 
Figure 1. ESR spectra with the hyperfine couplings explained and the protons 
causing these couplings indicated. The relative intensities of the peaks are 
summed up in the grey rectangles. The same carbon numbering as in the B-ring 
of Q is used in order to facilitate the comparison between para-hydroxyphenol, 
catechol and the flavonoid radicals. The carbon atoms where the two oxygen 
atoms are attached have been assigned C1’ and C4’ for the para-hydroxyphenol 
radical, and C3’ and C4’ for the catechol radical. 
  
The ESR spectrum of the myricetin radical is a triplet with a hyperfine coupling 
of 1.007 G that is caused by the interaction of the UE with the 2 equivalent 
protons located at the 2’ and 6’ position in the B-ring (Figure 2). The ESR 
spectrum of the kaempferol radical is a quintet [5,6] with a hyperfine coupling of 
2.522 G that is caused by the interaction of the UE with the protons located at 
the 2’-, 3’-, 5’- and 6’ positions in the B-ring, which all appear to cause a similar 
splitting effect (Figure 2). The ESR spectrum of Q is a doublet, doublet, doublet 
with hyperfine couplings of 3.184, 1.480 and 0.652 G (Figure 2). The UE is 
interacting with 3 different protons, all located on the B-ring; (i) the 6’ proton 
causing the largest, (ii) the 5’ proton causing the intermediate, and (iii) the 2’ 
proton causing the smallest doublet.  
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Myricetin radical   Kaempferol radical 
 
Quercetin radical 
Figure 2. ESR spectra of the flavonols tested with the hyperfine couplings 
explained and the protons causing these couplings indicated. The relative 
intensities of the peaks are summed up in the grey rectangles. 
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The ESR spectrum of the 3MQ radical is a large doublet that is split into a 
smaller triplet, with hyperfine couplings of 2.884 G for the doublet and 0.9385 G 
for the triplet (Figure 3). The UE in the 3MQ radical is interacting with 2 
different groups of protons both located on the B-ring; (i) one group consisting 
of one proton at the 6’ position (causing the doublet), (ii) and another group 
consisting of the two equivalent protons at the 2’ and 5’ position (causing the 
triplet).  
The ESR spectrum of the 3’MQ radical is a triplet, doublet, quartet with 
hyperfine couplings of 2.835, 0.760 and 0.684 G, respectively (Figure 3). The 
UE in the 3’MQ radical is interacting with 3 different groups of protons, all 
located on the B-ring; (i) one group consists of the two equivalent protons 
located at the 5’ and 6’ position (causing the triplet), (ii) one group consists of 
the one equivalent proton located at the 2’ position (causing the doublet), (iii) 
and one group consists of the 3 equivalent protons of the 3’O-methyl group 
(causing the quartet). 
The ESR spectrum of the 4’MQ radical, similar to the spectrum of the 3’MQ 
radical, is a triplet, doublet, quartet with hyperfine couplings of 2.811, 0.7355 
and 0.7355 G, respectively (Figure 3). The UE in the 4’MQ radical is interacting 
with 3 different groups of protons, all located on the B-ring; (i) one group 
consists of the two equivalent protons located at the 5’ and 6’ position (causing 
the triplet), (ii) one group consists of the one equivalent proton located at the 2’ 
(causing the doublet), (iii) and one group consists of the 3 equivalent protons of 
the 4’O-methyl group (causing the quartet). The hyperfine couplings of the 
tested compounds are summarized in Table 2. 
 
Chapter 4 
84 
 
 
Figure 3. ESR spectra of the O-methylated derivatives of quercetin with the 
hyperfine couplings explained and the protons causing these couplings 
indicated. The relative intensities of the peaks are summed up in the grey 
rectangles. Top belongs to 3MQ radical, middle to 3’MQ radical and bottom to 
4’MQ radical. 
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Table 2. Summary of the hyperfine couplings of the compounds investigated in 
this study. 
Proton 
 
Myricetin 
 
Q 
 
3MQ 3’MQ 4’MQ Kaempferol Catechola Para-
hydroxyphenola 
1’H - - - - - - 3.549 - 
2’H 1.007 0.652 0.9385 0.760 0.7355 2.522 0.8405 2.337 
3’H - - - - - 2.522 - 2.337 
4’H - - - - - - - - 
5’H - 1.480 0.9385 2.835 2.811 2.522 0.8405 2.337 
6’H 1.007 3.184 2.884 2.835 2.811 2.522 3.549 2.337 
OCH3 b b c 0.684 0.7355 b b b 
aThe same numbering as the B-ring of quercetin is used to facilitate comparison 
bOCH3 is not present in this compound 
cOCH3 has no detectable hyperfine coupling 
-no proton present at this position for this compound 
 
Discussion 
The principle of the protective effect of a free radical scavenger is that it converts 
reactive free radical species into a relatively un-reactive species, e.g. a hydroxyl 
radical is eventually converted into water. However, during this reaction the 
antioxidant is converted into a radical and takes over part of the reactivity of the 
scavenged free radical. To give effective protection, the reactivity of the 
antioxidant radical has to be substantially lower than that of the scavenged 
radical. One of the most studied free radical scavenger is Q that appears to be 
extraordinary potent. Its antioxidant activity does not only involve its high 
reactivity towards radical species, but also the relatively low reactivity of the 
quercetin radical (Q). The essence of the relatively low reactivity of Q lies in 
the delocalization of the UE. The aim of this study is to examine the 
delocalization of the UE in Q, and to elucidate the importance of the A, B and 
C-ring for the stabilization of the radical. To examine the delocalization of the 
UE in Q, Q and several structural related radicals were studied with ESR. 
 
Chapter 4 
86 
 
Delocalization of the unpaired electron (UE) and delocalization of the electron 
pair (EP) donated by the electron donors 
The ESR spectrum of the para-hydroxyphenol radical is a typical quintet [7] 
caused by the interaction of the UE with 4 equivalent protons. This means that 
the protons at the positions 2’-, 3’-, 5’- and 6’ in the para-hydroxyphenol radical 
have to be equivalent. The equivalency of these protons is generally accepted 
and might even be considered to be trivial. Close examination, however, shows 
that this equivalency is not so trivial since it cannot be explained by the 
delocalization of only the UE (Figure 4A). For example; when the UE is on the 
C1’ (structure S1 in Figure 4), valence bond theory dictates that it can only be 
delocalized to C3’ (S2) and C5’ (S2V), and not to C2’ and C6’. This would imply 
that the protons at C2’ and C6’ are not equivalent to the protons at the C3’ and 
C5’. Because the ESR spectrum of para-hydroxyphenol radical demonstrates that 
all protons are equivalent, Figure 4A does not give the complete picture.  
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Figure 4. Delocalization in the para-hydroxyphenol radical. A) Delocalization of 
only the unpaired electron (UE). B) Delocalization of the UE and the electron 
pair (EP) donated by the oxygen groups. The delocalization of the UE is 
indicated with black arrows, the delocalization of the EP is indicated with red 
arrows and the delocalization of both is indicated with green arrows. The 
mirror-symmetry of the resonance structures (S) is indicated with superscript H 
for horizontal mirroring, and superscript V for the vertical mirroring.  
 
To explain the equivalency of the 4 protons in the para-hydroxyphenol radical, 
the scheme in Figure 4B is constructed. The oxygen atoms can donate an 
electron pair (EP) to the electron deficient π-system of the para-hydroxyphenol 
radical (e.g. S2S3). The donated EP creates more possible resonance 
structures for the UE and increases the diminished electron density of the 
conjugated π-system, explaining the relative stability of the para-hydroxyphenol 
radical.The symmetry between the resonance structures of the para-
hydroxyphenol radical shows that there are two different groups of carbons with 
equal spin-densities: one group consists of C2’, C3’, C5’ and C6’, and the other 
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group consists of C1’ and C4’. This is in accordance with the splitting pattern of 
the ESR spectrum and was confirmed by ab initio quantum calculations (Figure 
5). The spin-density appears to be mostly concentrated (indicated by the color 
blue in Figure 5) on C1’ and C4’ that are adjacent to the oxygen groups. This can 
be explained by the electron rich nature of the oxygen atom that attracts the 
electron deficient UE. The electron-deficient π-orbital on the C1’, e.g. when the 
UE is on C1’, can be stabilized by the electron rich orbitals of the adjacent 
oxygen atom through hyperconjugation. Hyperconjugation increases the electron 
density on the electron-deficient π-orbital without compromising the octet rule, 
and stabilizes the whole molecule by creating an extended molecular orbital.  
 
Figure 5. The spin-density distribution of the para-hydroxyphenol radical 
obtained using ab initio quantum molecular calculations. Blue indicates high, 
green indicates intermediate, and red indicates low spin-density.  
 
Using O’Connell’s equation, we were able to calculate the spin-densities from 
the hyperfine couplings. In the case of the para-hydroxyphenol radical, the spin-
densities were calculated to be 8.1% on C2’, C3’, C5’ and C6’ (Table 3). This 
suggests a relatively high spin-density of 34% on C1’ and 34% on C4’. This 
spin-distribution based on the hyperfine couplings is in line with that found with 
the ab initio quantum calculations.  
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Table 3. Summary of the calculated spin-densities of the compounds 
investigated in this study. 
Carbon 
 
Myricetin 
 
Q 
 
3MQ 3’MQ 4’MQ Kaempferol Catechol Para-
hydroxyphenol 
1’ 23c 27c 10c <35c <35c 33c 12a 34c 
2’ 3.5a 2.3a 3.2a 2.6a 2.5a 8.7a 2.9a 8.1a 
3’ 23c 27c 37c >>7.1b <35c 8.7a 35c 8.1a 
4’ 23c 27c 37c <35c >>7.6b 33c 35c 34a 
5’ 23c 5.1a 3.2a 10a 10a 8.7a 2.9a 8.1a 
6’ 3.5a 11a 10a 10a 10a 8.7a 12a 8.1a 
aCalculated from the empirical hyperfine couplings using O’Connell’s equation 
bCalculated from the hyperfine coupling found for the OCH3 in the methylated derivatives of 
quercetin. Because the protons are not directly attached to the carbon of the ring, the spin density 
given will be an underestimate. 
cEstimated by equally dividing the not-attributed spin-densities over the remaining carbon atoms (for 
the flavonoids only the carbons in the B-ring were taken) 
 
The UE is most stable on atoms adjacent to electron donors 
The ESR spectrum of the catechol radical consists of triplet peaks, which are 
split into smaller triplets. This is caused by the interaction of the UE with 2 
different groups of protons, with each group consisting of two equivalent 
protons. Based on the symmetry of catechol, it is evident that the 2’H and 5’H 
are equivalent and belong to one group, and that the 1’H and 6’H are equivalent 
and belong to the other group (Figure 6). 
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Figure 6. Delocalization of the unpaired electron (UE) and the electron pair 
(EP) donated by the oxygen groups. The delocalization of the UE is indicated 
with black arrows, the delocalization of the EP is indicated with red arrows and 
the delocalization of both is indicated with green arrows. The diagonal mirror-
symmetry of the resonance structures (Sc) are indicated with superscript D. 
 
When the UE is on C2’ (i.e. Sc3, Sc4 and Sc6D) or on C5’ (i.e. Sc3D, Sc4D and 
Sc6D), it will be adjacent to an electron deficient carbon atom of a 
carbonylgroup. This is energetically unfavorable, resulting in a relatively low 
spin-density on C2’ and C5’ of the catechol radical.  
When the UE is on C1’ (i.e. Sc2D and Sc5D) or on C6’ (i.e. Sc2 and Sc5), it is 
further away from the electron deficient carbon atom of a carbonylgroup. This 
explains the higher spin-density on C1’ and C6’ of the catechol radical compared 
to that on C2’ and C5’.  
Delocalization in the B-ring 
91 
 
Based on these arguments, the large hyperfine coupling of 3.549 G is attributed 
to 1’H and 6’H; the small hyperfine coupling of 0.841 G is attributed to 2’H and 
5’H.  
Similar to the para-hydroxyphenol radical; (i) the UE and the EP are delocalized 
over the conjugated π-system of the catechol radical, and (ii) the UE is expected 
to be primarily located on the carbons (i.e. C3’ and C4’) bound to the oxygen 
atoms in the catechol radical. This allocation is confirmed with ab initio quantum 
calculations (Figure 7). The spin-density appears to be mostly concentrated on 
C3’ and C4’, followed by C1’ and C6’. Using O’Connell’s equation, the spin-
densities in the catechol radical is found to be 12% on C1’ and C6’, and 2.9% on 
C2’ and C5’ (Table 3). This suggests a high spin-density of 35% on C3’ and C4’.  
 
Figure 7. The spin-density distribution of the catechol radical obtained using ab 
initio quantum molecular calculations. Blue indicates high, green indicates 
intermediate, and red indicates low spin-density.  
 
The ACQ-ring behaves like an electron donor 
The ESR spectrum of the kaempferol radical and that of the para-hydroxyphenol 
radical are strikingly similar. Both spectra display typical quintets [5-7], 
stemming from the interaction of the UE with 4 equivalent protons. The only 4 
protons that can be equivalent in the kaempferol radical are located in the B-ring, 
i.e. 2’H, 3’H, 5’H and 6’H. This indicates that (i) the UE and the EP are 
primarily delocalized over the conjugated π-system in the B-ring, similar to the 
para-hydroxyphenol radical (Figure 4B), and that (ii) the ACQ-ring appears to 
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have a similar effect as the oxygen atom, i.e. the 4’O, in the B-ring of the 
kaempferol radical. 
To verify the previous statements, the ESR spectrum of the myricetin radical is 
recorded. The ESR spectrum of the myricetin radical is a triplet that is caused by 
the interaction of the UE with 2 equivalent protons. When considering the 
symmetry of myricetin (Figure 8), the only protons that can be equivalent are 
located in the B-ring of myricetin. These findings corroborate our earlier 
conclusions that (i) the UE is primarily delocalized over the conjugated π-system 
in the B-ring, and that (ii) the ACQ-ring behaves as an electron donor similar to 
an oxygen. 
 
Resolving the delocalization of the UE in Q 
The ESR spectrum of Q displays a doublet, split in smaller doublets that is split 
into even smaller doublets with hyperfine couplings of 3.184, 1.480 and 0.652 G, 
respectively.  
The findings that (i) the UE is primarily delocalized over the conjugated π-
system in the B-ring, that (ii) the ACQ-ring behaves as an electron donor, and 
that (iii) the UE is most stable on atoms adjacent to electron donors, are used to 
assign the protons of Q.  
It was deduced that the UE in Q interacts with the 3 different protons in the B-
ring, i.e. 2’H, 5’H and 6’H. The 2’H will cause the lowest hyperfine coupling 
because the C2’ will be adjacent to two electron deficient atoms.  
The B-ring of Q can be regarded as a hybrid of para-hydroxyphenol radical and 
catechol radical. In the para-hydroxyphenol radical, the spin-density on C6’ is 
equal to that on C5’. In the catechol radical, the spin-density on C6’ is larger 
than that on C5’. Therefore, the larger hyperfine coupling was attributed to 6’H 
in Q. 
From the hyperfine couplings of the ESR spectrum of Q, the spin-densities were 
calculated to be 2.3% on C2’, 5.1% on the C5’ and 11% on the C6’ (Figure 8). 
This suggests a relatively high spin-density of 27% on the C1’, C3’ and the C4’ 
(Table 3). 
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Figure 8. Proposed structures of the tested flavonols, with the spin-distribution 
(%) calculated by O’Connell’s equation from the hyperfine couplings of their 
ESR data. 
 
The ESR spectra of the radicals of methylated derivatives of Q substantiate 
that the UE is in the B-ring  
To substantiate the proposed delocalization of the UE in the B-ring of Q, the 
ESR spectrum of the 3MQ, 3’MQ and 4’MQ radicals were recorded (Figure 3). 
It is important to note that there is no quartet peak in the ESR spectrum of 3MQ 
radical, O-methylated in the C-ring, indicating negligible interaction of the UE 
with the three equivalent protons of the methylgroup in the C-ring. This 
corroborates previous findings that indicate the B-ring as the primary frame for 
delocalization of the UE. 
The ESR spectrum of the radical of 3MQ shows a large doublet (2.884 G) split 
into smaller triplet (0.939 G) peaks. These peaks can only be caused by 
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interaction of the UE with two un-equivalent groups of protons; one group 
containing one proton causing the large doublet, and the other group containing 
two protons causing the smaller triplet. The resonance structures of the 3MQ 
radical resemble that of the catechol radical. This means that 6’H in the 3MQ 
radical, just like in the catechol radical, causes the largest peak splitting that is a 
doublet of 2.884 G. In addition, 2’H and 5’H of the 3MQ radical, similar to the 
catechol radical, are equivalent and responsible for the smaller triplets (0.939 G). 
Intriguingly, the electron donating effect of the AC-ring can be reduced to 
practically zero by a subtle modification (i.e. methylation) of the 3OH group in 
Q. This is in line with previous studies, indicating the importance of the 3OH for 
the interaction of the AC-ring with the B-ring in Q [8,9]. 
Further evidence that the UE is primarily delocalized in the B-ring can be found 
in the spectra of the radicals of 3’MQ and 4’MQ, which are both O-methylated 
on the B-ring. Both spectra are relatively complicated, 13 peaks per spectrum, 
clearly revealing the interaction of the methoxy protons with the UE.  
The UE of the 3’MQ radical is interacting with 3 different groups of protons, all 
located on the B-ring; (i) one group consists of the two equivalent protons 
located at the 5’ and 6’ position (causing the triplet of 2.835 G), (ii) one group 
consists of the one equivalent proton located at the 2’ (causing the doublet of 
0.760 G), (iii) and one group consists of the 3 equivalent protons of the 3’O-
methyl group (causing the quartet of 0.684 G).  
The ESR spectrum of the 4’MQ radical is very similar to that of the 3’MQ 
radical, and can be explained in a similar way (Table 2&3), except that the 3 
equivalent protons that cause the quartet are now found in the 4’methoxy group. 
 
Conclusion 
The ESR spectra of Q and related compounds indicate that the UE is primarily 
delocalized in the B-ring. The oxygen atoms in the B-ring (i.e. 3’O and 4’O) and 
the ACQ-ring have an electron donating effect that stabilize the electron deficient 
π-system of the B-ring of Q. In the electron donating effect of the ACQ-ring, an 
un-substituted OH group at the 3 position in the C-ring is essential. The relative 
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stability of Q is one of the main reasons for Q’s exceptional antioxidant activity. 
So, the UE is caged and stabilized in the conjugated π-system of the B-ring of Q 
by the electron donating properties of the ACQ-ring and the two oxygens in that 
ring (i.e. 3’O and 4’O).   
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Chapter 5 
Peroxynitrite scavenging of quercetin and structural 
analogues:  
The AC-ring of quercetin donates the first electron, the 
B-ring scavenges the AC-ring and safely cages the 
unpaired electron in the quercetin radical. 
 
Mohamed Moalin, Gino P.F. van Strijdonck, Aalt Bast  and Guido R.M.M. 
Haenen 
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ABSTRACT 
Quercetin and its mono methylated derivatives are excellent at scavenging 
peroxynitrite (PON) that has been implicated in a wide range of diseases. In 
accordance with previous studies, our results show that Q has two nutricophores, 
i.e. the AC- and the B-ring. Although both nutricophores are potent PON 
scavengers on their own, there are indications that they do not act independently. 
Based on our results and quantum molecular calculations, we postulate that the 
AC-ring is prone to donating the first electron. This is followed by the intra-
molecular scavenging of the AC-ring radical by the B-ring in quercetin radical. 
The unpaired electron is then caged safely in the B-ring and the AC-ring gets its 
potency back to scavenge another free radical. 
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Introduction 
Peroxynitrite (PON) has been implicated in a wide range of human diseases [1] 
and it has been shown that flavonols, such as quercetin (Q), are effective PON 
scavengers [2-4]. However, the molecular mechanism for Q’s potent activity is 
still enigmatic. Previous studies, using flavones with less OH groups than Q, 
have clearly shown that the antioxidant mechanism of Q is complicated because 
of its many functional groups [2,3]. These functional groups were divided into 
two separate pharmacophores, i.e. the AC-ring and the B-ring of Q. This means 
that both the AC-ring and the B-ring of Q can readily scavenge PON by donating 
electrons. However, it is still unclear which of the pharmacophores of Q, the 
AC- or the B-ring, is more prone to donating electrons to free radicals. To 
investigate this, we have synthesized the complete series of monomethylated Q 
derivatives (Table 1) and examined them in a well-developed competition assay. 
In this assay, the activity of each flavonoid is determined by examining how well 
they compete against dihydrorhodamine 123 (DHR) for the scavenging of PON 
[5]. 
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Table 1. The structures of quercetin (Q) and its methylated derivatives that are 
investigated in this study. 
O
O
OR3
OR5
R7O
OR4'
OR3'
 A  C
 B1
2
3
45
6
7
8
1'
2'
3'
4'
5'
6'
 
 
 
Materials and methods 
Chemicals 
Quercetin.2H2O was purchased from Acros Organics, peroxynitrite from 
Calbiochem, apigenin and kaempferol from Fluka, catechol from Janssen 
Chimica and chrysin, dihydrorhodamine 123, galangin, 3-hydroxy flavone, 5-
hydroxyflavone, 7-hydroxyflavone, luteolin and morin from Sigma-Aldrich. The 
methylated quercetin derivatives were synthesized and can be currently 
purchased (www.maxamed-chem.com).  
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Peroxynitrite scavenging assay 
PON scavenging was measured by the oxidation of DHR as described by Kooy 
et al. [5]. Fluorescence measurements were performed at 37 °C on a SPF-500CTM 
spectrofluorometer (SLM Aminco) with excitation and emission wavelengths of 
500 and 536 nm, respectively. The PON scavenging activity is expressed as the 
percentage DHR that is prevented from reacting with PON by the test compound 
(Figure 1&2). The scavenging reaction was done in phosphate buffer (pH 7.4). 
 
Molecular quantum calculations 
A HOMO-Map on Q was generated by using Hartree-Fock 6-31G** equilibrium 
geometry optimization method in Spartan ‘10.  
 
Statistics 
All experiments were performed, at least, in triplicate. Data are expressed as 
means ± SD or as a typical example. 
 
Results 
PON scavenging 
The flavonoids have been divided into groups, because they displayed large 
differences in PON scavenging. For each group, the concentrations of PON, 
DHR and flavonoid was optimized to be able to elucidate their differences. The 
non-methylated flavones were examined at 10 uM (Figure 1a) and at 1 uM 
(Figure 1b) flavonoid against 5 uM DHR and 0.4 uM PON. Q and its methylated 
derivatives have been examined at 0.5 uM flavonoid against 5 uM DHR for 0.4 
uM PON (Figure 2a). To elucidate the difference between the most potent 
flavonols, i.e. Q, kaempferol and morin, 1 uM of flavonol was used against 50 
uM DHR and 0.25 uM PON (Figure 2b). 
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(a)                    (b) 
Figure 1. PON scavenging activity of flavones with less OH groups than Q with 
(a) 10 uM flavone vs 5 uM DHR and (b) 1 uM flavone vs 5 uM DHR.                  
 
 
(a)       (b) 
Figure 2. PON scavenging activity of Q and its structural analogues, (a) 0.5 uM 
flavonoid against 5 uM DHR for 0.4 uM PON (b) 1 uM of flavonol was used 
against 50 uM DHR and 0.25 uM PON. 
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Quantum molecular calculations 
 
 
 
Figure 3. HOMO map, generated with ab initio calculations in Spartan ’10, on 
the activated form of Q. Blue indicates a high concentration of the HOMO, and 
red indicates the lowest concentration. 
 
Discussion 
It is known for several decades that Q is one of the most potent antioxidant 
found in nature. To date, the molecular mechanism for its potent activity is still 
enigmatic. Previous studies, using flavones with less OH groups than Q, have 
clearly shown that the antioxidant mechanism of Q is complicated because of its 
many functional groups [2,3]. These functional groups were divided into two 
separate pharmacophores, i.e. the AC-ring and the B-ring of Q. This means that 
both the AC-ring and the B-ring of Q can readily scavenge radicals by the 
donation of electrons. However, it is still unclear which of the pharmacophores 
of Q, the AC- or the B-ring, is more prone to donating electrons to free radicals.  
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The importance of the 3OH group 
In accordance with previous studies [2,3], we also see flavones with the same 
AC-ring as Q (e.g. galangin), or the same B-ring as Q (e.g. luteolin) to be potent 
scavengers in our assay (Figure 1). It is generally accepted that the electrons in 
the highest occupied molecular orbital (HOMO) of Q are the easiest to donate. 
The HOMO energies of flavones are increased by the electron donating effect of 
OH groups. However, the input of the different OH groups for the antioxidant 
activity of Q is clearly not equal. The OH group at the 3 position seems to have a 
critical role in the antioxidant activity of Q, e.g. galangin (88%) vs chrysin (8%) 
and kaempferol (98%) vs apigenin (12%) in Figure 1a. The 3OH seems to be 
enhanced by the 5- and the 7OH, e.g. galangin (88%) vs flavone-3OH (38%) in 
Figure 1a. In addition, the 4’OH also enhances the activity of the 3OH group, 
e.g. kaempferol (75%) vs galangin (58%) in Figure 1b. The methylation of the 
3OH position of Q (3MQ) also seems to have a drastic effect on the antioxidant 
activity, e.g. Q (47%) vs 3MQ (28%) in Figure 2a.  
To explain the critical role of the 3OH group, it is imperative to also take the 
other functional groups, besides the OH groups, into account. For example, the 
carbonyl group at the 4 position can channel the negative charge donated by the 
oxygens at the 5 and the 7 position due to keto-enol tautomerization (Scheme 1). 
Keto-enol tautomerization can readily occur in aquatic environment, because of 
the ability of water to stabilize electronically charged compounds. During the 
keto-enol tautomerization of Q, the oxygen at the 4 position readily deprotonates 
the 3OH group intra-molecularly. The deprotonation of the 3OH concentrates the 
electron density, via the C3=C2 double bond, on the C2 position through 
resonance effect.  
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Scheme 1. Stepwise illustration of the activation of the 3OH group through the 
keto-enol tautomerization. The activation by the 7OH group is taken as an 
example. 
 
Even though the oxygen at the 3 position is the only group that increase the 
electron density on the C2 position directly; the oxygens at 1, 5 and 7 position in 
Q can also increase the electron density on the C2 indirectly by activating the 
3OH group via the carbonylgroup (Scheme 1&2). In contrast, the electron 
density in the C1’ is only increased by the 4’OH group. Therefore, we postulate 
the AC-ring of Q as the donor of the first electron because of the relatively 
higher electron density on the C2 position.  
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Scheme 2. Four different resonance structures where the C2 position is ionized, 
illustrating its high electron density.  
 
It is important to note that the electron densities will always be the highest on the 
oxygen groups because of their relatively high electronegativity, and that high 
electron density does not directly correlate with higher tendency to donate 
electrons. The tendency to donate electrons correlates better with the highest 
occupied molecular orbital (HOMO). The electrons in the HOMO are farthest 
from the nuclei and are the easiest to donate. To visualize the electron donating 
site, a HOMO map is generated on the activated form of Q by employing 
quantum molecular calculations (Figure 3). As expected, the HOMO is highly 
concentrated (blue color) on the C2 position. We postulate that the free radical, 
with the electron deficient single occupied molecular orbital (SOMO), will be 
attracted to the electron rich HOMO of Q that has a relatively high concentration 
on the C2 position. The HOMO of Q can then donate an electron to the SOMO 
of the free radical leading to the scavenging of the free radical, and the formation 
of the relatively more stable Q radical (Scheme 3).  
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Scheme 3. The proposed mechanism of the first electron donation of Q, from the 
electron rich C2 position of Q, to an electron deficient radical.  
 
The importance of the 4’OH group 
Schemes 1&2 explain why the 3OH group is essential for the donation of the 
first electron, but not why methylation of the 4’OH of Q has an even larger 
effect than methylation of the 3OH (Figure 2a). The clue can be found in an 
earlier study on the ESR spectra of the radicals of Q and its methylated 
derivatives [6]. In that study, it was clearly revealed that the unpaired electron 
was located in the B-ring of Q radical. With this information, we were able to 
postulate the subsequent reaction that occurs after the AC-ring of Q has 
scavenged a radical (Scheme 4). Once the AC-ring donates the first electron, it 
becomes a radical with its unpaired electron located between the electron 
deficient C3 and the electron rich C1’ (Scheme 3). Because of the close 
proximity, the radical on the C2 position can immediately be scavenged by the 
C1’ intra-molecularly. This leads to the regeneration of the scavenging potential 
of the AC-ring and a resonance stabilized unpaired electron in the B-ring [6].  
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Scheme 4. The proposed scavenging mechanism of the AC-ring radical by the B-
ring in Q radical. 
 
The regenerated AC-ring has then enough electrons to scavenge another radical 
inter-molecularly (Scheme 5). This leads to an unpaired electron on the C2 
position and an unpaired electron in the B-ring, which can readily pair to form 
the resonance stabilized quinone methide [7-9]. Methylation of the 4’OH of Q 
diminishes the intra-molecular scavenging of the AC-ring of Q radical by the B-
ring, which slows down the second electron donation by the AC-ring. This 
would suggest that the rate limiting step is the intra-molecular scavenging, 
explaining the relatively high importance of the 4’OH group of Q. Additionally, 
methylation of the 4’OH group would also diminish the stabilization of the 
unpaired electron in the B-ring [6]. 
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Scheme 5. The proposed scavenging of the second radical by Q radical. 
 
Conclusion 
In corroboration with earlier studies [2,3], our results show that Q has two 
pharmacophores, i.e. the AC- and the B-ring, that are both potent PON 
scavengers on their own. In addition, we have investigated which of the 
pharmacophores of Q, i.e. the AC- or the B-ring, is more prone to donating 
electrons to free radicals.  
The distribution of the HOMO, the molecular orbital that is most likely to donate 
electrons, on Q was generated utilizing quantum molecular calculations. The 
HOMO seems to be mostly concentrated on the C2 position. We postulate that 
the oxygen at the 3 position of Q potentiates the C2 position in the AC-ring, 
resulting in the highest concentration of the HOMO. The oxygens at the 5 and 
the 7 position of Q activate the 3OH via the carbonylgroup at the 4 position that 
further increases the HOMO at the C2 position. So, the AC-ring of Q is more 
prone to donating the first electron.  
Subsequently, the B-ring of Q radical can intra-molecularly scavenge the AC-
ring by the donation of an electron. The oxygen at 4’ position potentiates C1’, 
enhancing the intra-molecular scavenging of the AC-ring in Q radical. In 
addition, the oxygens at 4’ and 3’ positions increase the stability of the unpaired 
electron in the B-ring [6]. So, the unpaired electron is stabilized in the B-ring of 
Q radical [6], and its AC-ring gets its potency back to scavenge another free 
radical by the donation of an electron. After the donation of the second electron, 
a quinone methide is formed that can be processed in the antioxidant network of 
the body [7,8].  
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To summarize, we postulate that the reactivity of free radicals is channeled 
stepwise in a controlled fashion into the antioxidant network, by the cooperation 
of the two pharmacophores of Q. The 3OH is a prerequisite for the scavenging 
potential of the AC-ring of Q, and the 4’OH is a prerequisite for the intra-
molecular scavenging of the AC-ring of Q radical and the stabilization of the 
unpaired electron in the B-ring.  
 
 
 
Peroxynitrite scavenging 
113 
 
References 
1. Szabo, C.; Ischiropoulos, H.; Radi, R. Peroxynitrite: biochemistry, 
pathophysiology and development of therapeutics. Nat Rev Drug 
Discov 2007, 6, 662-680. 
2. Haenen, G. R.; Paquay, J. B.; Korthouwer, R. E.; Bast, A. Peroxynitrite 
scavenging by flavonoids. Biochem. Biophys. Res. Commun. 1997, 236, 
591-593. 
3. Heijnen, C. G.; Haenen, G. R.; van Acker, F. A.; van der Vijgh, W. J.; 
Bast, A. Flavonoids as peroxynitrite scavengers: the role of the 
hydroxyl groups. Toxicol. in Vitro 2001, 15, 3-6. 
4. Heijnen, C. G.; Haenen, G. R.; Vekemans, J. A.; Bast, A. Peroxynitrite 
scavenging of flavonoids: structure activity relationship. Environmental 
Toxicology and Pharmacology 2001, 10, 199-206. 
5. Kooy, N. W.; Royall, J. A.; Ischiropoulos, H.; Beckman, J. S. 
Peroxynitrite-mediated oxidation of dihydrorhodamine 123. Free Radic 
Biol Med 1994, 16, 149-156. 
6. Moalin, M.; Strijdonck, G. P.; Bast, A.; Haenen, G. The unpaired 
electron in the quercetin radical is delocalized in the conjugated π-
system of its B-ring. In press. 2013. 
7. Jacobs, H.; Moalin, M.; Bast, A.; van der Vijgh, W. J.; Haenen, G. R. 
An essential difference between the flavonoids monoHER and quercetin 
in their interplay with the endogenous antioxidant network. PLoS One 
2010, 5, e13880. 
8. Moalin, M.; van Strijdonck, G. P.; Bast, A.; Haenen, G. R. Competition 
between ascorbate and glutathione for the oxidized form of methylated 
quercetin metabolites and analogues: tamarixetin, 4'O-methylquercetin, 
has the lowest thiol reactivity. J Agric Food Chem, 60, 9292-9297. 
9. Boots, A. W.; Kubben, N.; Haenen, G. R.; Bast, A. Oxidized quercetin 
reacts with thiols rather than with ascorbate: implication for quercetin 
supplementation. Biochem. Biophys. Res. Commun. 2003, 308, 560-565.
  
 
 
 
 115 
 
Chapter 6 
Competition between ascorbate and glutathione for 
the oxidized form of methylated quercetin metabolites 
and analogues:  
Tamarixetin, 4’O-Methylquercetin, has the lowest thiol 
reactivity 
 
Mohamed Moalin, Gino P.F. van Strijdonck, Aalt Bast and Guido R.M.M. 
Haenen 
 
J. Agric. Food Chem. 2012, 60, 9292-97 
 
Chapter 6 
116 
 
ABSTRACT 
Quercetin (Q) is a bioactive compound with excellent antioxidant activity. 
However, the thiol reactivity of its oxidation product (oxQ) forms a 
disadvantage. The aim of the present study was to decrease this thiol toxicity. 
We found that methylated Q metabolites displayed lower thiol reactivity than Q. 
The most effective was tamarixetin, 4’O-methylquercetin (4’MQ), that has a 
corresponding oxidation product (ox4’MQ) with thiol reactivity 350 times lower 
than oxQ. The endogenous metabolism of Q to 4’MQ might be a physiological 
way to safely benefit from the antioxidant potential of Q in vivo. Our results 
were explained with Pearson’s HSAB concept and corroborated by quantum 
molecular calculations that revealed a strong correlation between the relative 
thiol reactivity and the Lowest Unoccupied Molecular Orbital (LUMO). The 
polarity of the molecule and the π-π interaction between the AC- and the B-ring 
appeared to determine the LUMO and the thiol reactivity of the oxidation 
product.  
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Introduction 
Flavonoids are important nutrients, ubiquitously found in our diet and they are 
also used as nutraceuticals [1]. Some of them, with quercetin (Q) as the best 
studied example, display an excellent antioxidant activity. However, the reactive 
oxidation products that are formed out of flavonoids, i.e. electrophilic quinones, 
form a disadvantage. These quinones are harmful because they readily react with 
vital thiol groups [2]. To protect against quinone toxicity, cells are endorsed with 
an intricate antioxidant network. The most prominent constituents of this 
network that can protect against quinone toxicity are ascorbate and glutathione 
(GSH) [3]. It should be noted that both antioxidants neutralize quinones 
differently. Ascorbate converts quinones back to the parent flavonoid, whereas 
GSH reacts with quinones to form a GSH-flavonoid adduct. The reaction of 
oxidized Q (oxQ) with GSH is much faster than with ascorbate [4]. When GSH 
is depleted, thiol-containing proteins become the new targets for the electrophilic 
oxQ. The reaction with thiol-containing proteins will cause toxicity. In addition, 
GSH might only offer partial protection since GSH-Q adducts rapidly react with 
protein-thiols at physiological conditions, hence, spreading the toxicity over the 
cells [5].  
To circumvent thiol toxicity, we aim to identify quercetin derivatives that would 
preferentially react with ascorbate rather than with thiols. Besides preventing 
toxicity, an additional advantage is that in the reaction with ascorbate, the parent 
flavonoid is recycled which enhances the antioxidant activity of the flavonoid. 
We tested a series of methylated Q derivatives that included two of the major 
metabolites of Q formed in vivo, i.e. tamarixetin (4’MQ) and isorhamnetin 
(3’MQ). These metabolites are held responsible for at least part of the health 
benefits of Q [6-8]. We determined the Competition between Ascorbate and 
Thiols for the oxidized flavonoids (CAT). GSH was used as thiol and the CAT 
was calculated as the reaction rate of oxidized flavonoid with ascorbate (VAsc) 
divided by the reaction rate of the oxidized flavonoid with the thiol GSH (VGSH). 
Our final goal is to identify the structural elements that will direct the reactivity 
of the oxidized product towards ascorbate instead of thiols, in other words, to 
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increase the CAT. With this knowledge, strategies might be developed that 
selectively direct the reactivity of free radicals more safely into the endogenous 
cellular antioxidant network. 
 
Materials and Methods 
Chemicals 
Quercetin.2H2O was purchased from Acros Organics and rutin.3H2O from 
Sigma-Aldrich (Steinheim, Germany). The methylated derivatives of quercetin 
(Table 1) were synthesized and can be currently purchased (www.maxamed-
chem.com). Glutathione (GSH), hydrogen peroxide (H2O2), horseradish 
peroxidase (HRP), L-ascorbic acid (vitamin C) were purchased from Sigma (St. 
Louis, MO, USA). Trifluoroacetic acid (TFA) was acquired from Sigma-Aldrich 
(Steinheim, Germany). Acetonitrile, HPLC grade, was obtained from Biosolve 
(Valkenswaard, The Netherlands). 
 
Oxidation of the flavonoids 
All solutions were freshly prepared and used within three hours. The flavonoids 
were dissolved in DMSO. GSH, Vitamin C and H2O2 were dissolved in 145 mM 
phosphate buffer (pH 7.4). In the incubations, the reactants, i.e. flavonoid, GSH, 
vitamin C and H2O2 were used at equimolar concentrations (50 µM), unless 
otherwise noted. The oxidation reaction was performed at 37 °C in 145 mM 
phosphate buffer (pH 7.4) and started with the addition of HRP. HRP was used 
in a concentration that oxidized the flavonoid under investigation at a rate of 
approximately 50% flavonoid in 5 minutes at 37 °C. The reactions were 
monitored spectrophotometrically and by HPLC. 
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Table 1. The Competition between Ascorbate and Thiols, CAT, for the oxidized 
flavonoid. 
O
O
OR
3
OR
5
R
7
O
OR
3'
OR
4'
B 
C  A
 
 
Compound R3 R5 R7 R3’ R4’ CAT 
Q H H H H H 0.04 ± 0.03 
5MQ H CH3 H H H 0.11 ± 0.05 
7MQ H H CH3 H H 0.24 ± 0.03 
3’MQ H H H CH3 H 0.75 ± 0.13 
3MQ CH3 H H H H 1.77 ± 0.20 
3,7MQ CH3 H CH3 H H 1.93 ± 0.19 
3RuQ Rua H H H H 2.90 ± 0.51 
4’MQ H H H H CH3 14.5 ± 3.8 
aRu is a rutinosylgroup that is a disaccharide consisting of glucose and rhamnose 
 
Spectrophotometric analysis 
Spectrophotometric analysis was performed with a Varian Carry 50 
spectrophotometer (Varian, Mulgrave, VIC, Australia). All absorption spectra 
were recorded from 200 to 500 nm with a scan speed of 600 nm/min, using 
quartz cuvettes. The UV/Vis scans were started 15 seconds after the addition of 
HRP and the reaction was monitored for 10 minutes at 37 °C. 
 
Chapter 6 
120 
 
HPLC analysis 
High-performance liquid chromatography (HPLC) was performed using a HP 
1100 series HPLC system (Agilent Technologies, Palo Alto, CA, USA). 
Analytical separations were achieved using Alltima HP C18 column (3 µm, 15 
cm x 3.0 mm). The mobile phase consisted of water containing 0.1 % (v/v) TFA 
with a linear gradient from 5 % acetonitrile to 20 % acetonitrile in 5 minutes, 
followed by an increase to 60 % acetonitrile at 10 minutes. A flow rate of 1 
ml/min was used. Detection was carried out with a diode array detector (DAD). 
The HPLC measurements were performed 5 minutes after the reaction was 
started. 
 
The Competition between Ascorbate and Thiols for the oxidized flavonoid 
(CAT) 
The Competition between Ascorbate and Thiols for the oxidized flavonoid, the 
CAT, is determined as the rate of reaction of oxidized flavonoid with ascorbate 
(VAsc) divided by the rate of the reaction of the oxidized flavonoid with the thiol 
GSH (VGSH), when both ascorbate and GSH are present at an equimolar 
concentration: CAT = VAsc/VGSH. 
The concentrations of GSH and ascorbate vary within the body. Typically, GSH 
concentrations in the cells are in the millimolar range whereas in blood plasma 
GSH is practically absent. Ascorbate concentrations range from 40-60 uM in 
blood plasma up to the millimolar range in cells. The concentrations used for the 
competition experiment were 50 µM GSH and 50 µM ascorbate. GSH is known 
to react with oxidized flavonoids to give GSH-flavonoid adducts and in this 
reaction, GSH-flavonoid adduct formation equals flavonoid consumption. 
Ascorbate reduces oxidized flavonoids to the parent flavonoid, but it can also 
partially inhibit HRP activity as reported previously [4]. Both activities of 
ascorbate will prevent net consumption of the flavonoid. So, in the competition 
between GSH (50 µM) and ascorbate (50 µM) for the oxidized flavonoids, 
ascorbate has two non-negligible activities: (i) reduction of the oxidized 
flavonoid to the parent flavonoid, (ii) inhibition of the rate of flavonoid oxidation 
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by inhibiting HRP activity. When GSH is in excess (10 mM) compared to 
ascorbate (50 µM), the rate of the oxidized flavonoid with ascorbate is negligible 
to that with GSH. Hence, all the oxidized flavonoids will be trapped by the 
excess of GSH, and the 50 µM ascorbate can only protect against flavonoid 
consumption by inhibiting the HRP enzyme. The rate of oxidation of the 
flavonoid under this condition, Voxidation, was assessed by measuring the 
consumption of the flavonoid using HPLC. Similarly, flavonoid consumption by 
HRP in the presence of 50 µM GSH and 50 µM ascorbate was used to determine 
VGSH.VAsc, the rate of the reaction of the oxidized flavonoid with ascorbate in the 
competition experiment with 50 µM GSH and 50 µM ascorbate, was calculated 
by subtracting VGSH from Voxidation: VAsc = Voxidation - VGSH. 
Using the procedure described in this section, we were able to correct for the 
inhibition of HRP by 50 µM ascorbate. Although Vasc and VGSH are presented as 
absolute rates, they represent relative values where both rates are relative to each 
other. The rate limiting step is the oxidation of the flavonoid by HRP/H2O2 that 
generates the quinone. Subsequently, the quinone reacts very quickly with either 
GSH or ascorbate. Because Vasc and VGSH are related to each other, we used their 
ratio, i.e. CAT. 
 
Quantum molecular calculations 
Quantum molecular calculations were performed using Spartan’10 
(Wavefunction, Irvine, CA, USA) to determine the relative abundance of the 
tautomers of the oxidized flavonoids. Subsequently, the Lowest Unoccupied 
Molecular Orbital, LUMO, energies (kJ/mol) of the most abundant 
tautomers was calculated as well as their equilibrium geometry. The latter was 
used to determine the dihedrals (φ), the angles between the plane of the AC-ring 
and that of the B-ring in the oxidized flavonoids. Previous studies have shown 
that ab initio calculations using the Hartree-Fock (HF) 3-21G basis set provides 
sufficiently good results for estimating chemical “hardness” [9] and therefore 
this was used.  
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Statistics 
All experiments were performed, at least, in triplicate. Data are expressed as 
means ± SD or as a typical example. 
 
Results 
GSH reacts with oxidized quercetin to form GSHQ adducts 
UV analysis shows that the reaction of Q with HRP/H2O2 leads to a decrease of 
the absorbance at 380 nm (λmax of Q) that indicates the oxidation of Q (Figure 
1A). When Q is oxidized in the presence of GSH, isosbestic points in the UV 
spectrum at 308 and 354 nm are seen (Figure 1B) that clearly differ from those 
without GSH, i.e. 284 and 364 nm (Figure 1A). HPLC analysis confirms that in 
the presence of GSH, two GSH-Q adducts are formed previously identified as 
the 6- and the 8-GSQ adducts (Figure 2) [4].  
 
Ascorbate regenerates oxidized Q to Q 
Addition of ascorbate to the incubation mixture containing Q and 
HRP/H2O2 prevents the consumption of the flavonoid, since the absorbance 
between 300 and 400 nm due to Q remains unchanged (Figure 1C). At the same 
time, ascorbate is consumed, evidenced by the decrease in absorbance at 270 nm 
(λmax of ascorbate). A control experiment showed that when Q is omitted from 
the incubation mixture, there is no detectable ascorbate consumption. This 
indicates that ascorbate does not react with HRP/H2O2. Therefore it is 
concluded that Q is oxidized by HRP/H2O2 and is then immediately regenerated 
by ascorbate. HPLC analysis confirms that there is no net Q consumption when 
ascorbate is present, within the 5 minutes of incubation.  
 
The Competition between Ascorbate and Thiols for the oxidized flavonoid 
(CAT) 
The CATs of the flavonoids were quantitatively determined using HPLC 
analysis. As a typical example, VGSH with oxQ was 4.6 µM/min while VAsc was 
only 0.2 µM/min. This means that the reaction rate of oxQ with ascorbate is 
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much lower than the reaction rate of oxQ with GSH, which is reflected by a low 
CAT of 0.04 (Table 1). 
Similarly to Q, the derivatives of Q are oxidized by HRP/H2O2. The oxidation 
products are regenerated in the presence of ascorbate, and form GSH-adducts in 
the presence of GSH. The CATs are depicted in Table 1. It was found that 
methylation increased the CAT. Methylation of the 4’OH group had the most 
profound effect; it increased the CAT of Q from 0.04 to 14.5.  
 
 
Figure 1. UV scans of the incubation mixture containing 1.6 nM HRP, 50 µM 
quercetin and 50 µM H2O2 (A). The same experiment was carried out in the 
presence of 50 µM GSH (B) or 50 µM ascorbate (C), and in the presence of both 
50 µM ascorbate and 50 µM GSH (D). The UV scans were started 15 seconds 
after the addition of HRP and had a speed scan of 600 nm/min. After each 
minute one scan was taken with a total of 10 scans per reaction. 
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Figure 2. The GSH adducts of Q. On the left is 6-GSQ depicted and on the right 
8-GSQ. 
 
Quantum molecular calculations 
The oxidized flavonoids have four different tautomers (T1-T4) as illustrated in 
Figure 3 and 4 for some of these compounds. Quantum molecular calculations, 
performed as described in the Materials and Methods section, revealed that for 
oxQ the T3 tautomer is by far the most favorable one with an abundance of more 
than 99%. For ox5MQ, ox3’MQ and for ox4’MQ this also is T3. For ox7MQ 
this is T4, for ox3MQ, ox3RuQ and ox3,7MQ this is T1. 
 
Figure 3. Tautomers of oxidized Q (oxQ) and oxidized 3MQ (ox3MQ). For oxQ, 
T3 is the most favorable tautomer because the carbonyl groups are at maximum 
distance from each other. For ox3MQ, T1 is the only tautomer that is not 
charged making it the most energetically favorable configuration. The other 
tautomers of ox3MQ, T2–T4, are positively charged making them energetically 
less favorable. Quantum molecular calculations indicate that the preferred 
tautomer of both compounds has a relative abundance of more than 99%. 
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Figure 4. Tautomers of oxidized 3’MQ (ox3’MQ) and oxidized 4’MQ (ox4’MQ). 
For ox3’MQ, T3 is the most favorable tautomer because the carbonyl groups are 
at maximum distance from each other. In ox4’MQ, all the possible tautomers are 
positively charged. Also for ox4’MQ, T3 is the most favorable. Because of its 
positive charge the chemical nature of ox4’MQ is much “harder” than that of 
ox3’MQ. Quantum molecular calculations indicate that the preferred tautomer 
of both compounds has a relative abundance of more than 99%. 
 
OxQ is planar with a dihedral between the plane of the AC-ring and that of the 
B-ring of 0.0°. Methylation at the 3O-position increases this dihedral (Table 2). 
A methyl group at the 3O-position as in ox3MQ and ox3,7MQ induces an angle 
of 13°. The more bulky rutinosyl group in ox3RuQ increases the dihedral to 29°. 
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Table 2. The most abundant tautomer of the oxidized flavonoids, their LUMOs 
and dihedrals (φ), the angles between the plane of the AC-ring and that of the B-
ring. The tautomeric forms are denoted as T1, T2, T3 and T4. In T1 the carbonyls 
are located at the 4, 3’ and 4’ positions; in T2 they are at the 3, 4 and 4’ positions; 
in T3 they are at the 3, 7 and 4’ positions; in T4 they are at the 3, 5 and 4’ 
positions. 
 
 
Compound Most abundant 
tautomer 
LUMO 
(kJ/mol) 
φ   
OxQ T3 -112.14 0.0° 
Ox5MQ T3 -98.35 0.0° 
Ox7MQ T4 -74.00 0.0° 
Ox3’MQ T3 -49.45 0.0° 
Ox3MQ T1 -15.74 13° 
Ox3,7MQ T1 -11.24 13° 
Ox3RuQ T1 -24.30 29° 
Ox4’MQ  T3* 21.33 0.0° 
*Contains a positive charge 
Competition between ascorbate and glutathione 
127 
 
The energies of the LUMOs of the most abundant tautomer of oxQ, its 
methylated derivatives and ox3RuQ are depicted in Table 1. OxQ has the lowest 
LUMO energy and O-methylation lead to an increase of the LUMO energy. 
Ox4’MQ has the highest LUMO energy of the methylated derivatives. It was 
found that the LUMO energies highly correlated (R2 = 0.9713) with the CATs, as 
illustrated in Figure 5. The relationship, which covered a wide range of CAT, 
was: ln(CAT) = 0.0407 LUMO + 1.5736. 
 
Figure 5. Correlation of the energy of the Lowest Unoccupied Molecular Orbital 
(LUMO) of the most abundant tautomer of oxQ and its derivatives with the 
Competition between Ascorbate and Thiols for these oxidized flavonoids (CAT). 
 
Discussion 
In the present study, the effect of O-methylation of Q on the Competition 
between Ascorbate and Thiols (the CAT), with GSH as thiol, for the oxidized 
flavonoid is determined. The oxidized flavonols have four tautomeric forms, 
denoted as T1, T2, T3 and T4 in the present study. In T1 the carbonyls are located 
at the 4, 3’ and 4’ positions; in T2 they are at the 3, 4 and 4’ positions; in T3 they 
are at the 3, 7 and 4’ positions; in T4 they are at the 3, 5 and 4’ positions.  
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Q vs 3MQ 
It appears that the CAT of 3MQ (1.77) is substantially higher than that of Q 
(0.04). For oxQ, T3 appeared to be the most abundant, which has also been 
reported previously [10]. In the case of ox3MQ, the electronically uncharged T1 
form is energetically the most favorable one because the other tautomers have an 
unfavorable positive charge. Therefore ox3MQ will almost exclusively (>99%) 
be in the T1 form. The difference in structure between oxQ (T3) and ox3MQ (T1) 
forms the basis of their difference in CAT, which can be explained by applying 
Pearson’s HSAB concept [11]. The gist of this theory is that “soft” electrophiles 
react faster with “soft” nucleophiles, whereas “hard” electrophiles react faster 
with “hard” nucleophiles. “Hard” electrophiles are chemical species that are 
small, highly polarized, and have a high oxidation state [11,12]. The difference 
in “hardness” between the most abundant tautomer of OxQ and ox3MQ lies 
mainly in their polarity. The carbonyl groups represent the most polarized 
moiety and a close proximity of these groups will make the oxidized compound 
“hard”. 
In T3, which is the most abundant tautomer of oxQ, the distance between the 
carbonyl groups is at its maximum, making it the “softest” electrophile of the 
series. Thiols such as GSH are known to be “softer” than ascorbate [10]. The 
HSAB concept dictates that the “soft” electrophile, oxQ, should react faster with 
the “softer” GSH than with ascorbate, explaining the relatively low CAT of Q. 
In T1, which is the most abundant tautomer of ox3MQ, the two carbonyl groups 
in the B-ring are adjacent, making the molecule relatively “harder” than oxQ. In 
contrast to oxQ, the relatively “harder” ox3MQ prefers the “hard” ascorbate over 
the “soft” GSH, explaining the higher CAT of ox3MQ. This exemplifies the 
correlation of the CAT with the “hardness” of the oxidized flavonoid; the 
“harder” the oxidized product the higher the CAT. 
 
3MQ vs 3RuQ (Rutin) 
Ox3MQ and ox3RuQ are substituted at the same position, and T1 is the most 
preferred tautomer for both compounds. However, the CAT of 3RuQ (2.90) is 
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higher than that of 3MQ (1.77). Quantum molecular calculations showed that the 
bulky rutinosyl group at the 3-O position in the case of ox3RuQ induces a 
torsion angle (dihedral) of 29° between the plane of the AC-ring and that of the 
B-ring in its most preferred tautomer (Table 2). The methylgroup in ox3MQ 
induces a dihedral of only 13°, whereas in oxQ the dihedral is 0.0°. A higher 
dihedral reduces the interaction between the π-system of the AC and that of the 
B-ring due to less π-π overlap, and thus further concentrates the polarity on the 
B-ring. This means that ox3RuQ will be more polarized than ox3MQ, making 
ox3RuQ a “harder” electrophile that is reflected in the higher CAT of 3RuQ. 
Actually, oxQ’s complete planar structure indicates a maximal interaction 
between the AC- and the B-ring. This strong π-π interaction, over the entire 
molecule, in oxQ forms the backbone of its “soft” character.  
 
3’MQ vs 4’MQ 
The difference in CAT between 3’MQ (0.75) and 4’MQ (14.5) is remarkably 
high. Similarly to oxQ, T3 is also the preferred form for ox3’MQ that has a 
dihedral of practically zero.  This indicates that the “softness” of ox3’MQ is 
close to that of oxQ, explaining their relatively similar CATs. 
In the derivatives discussed so far, their most abundant tautomer had no positive 
charge and the most polarized groups were the carbonyl moieties. In the case of 
Ox4’MQ, all the possible tautomers have a positive charge located on the 4’ 
position as depicted in Figure 4. This positively charged moiety is much more 
polarized than the carbonyl groups. The presence of a moiety with a positive 
charge renders ox4’MQ to be the “hardest” electrophile in our series. This 
explains why 4’MQ has the highest CAT in our series. The most preferred 
tautomer of ox4’MQ is also T3 with a dihedral of practically zero. This indicates 
that the “hard” character of ox4’MQ is not due to a distortion of the planar 
backbone of the molecule.  
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5MQ and 7MQ 
The most abundant tautomer of ox5MQ (T3) and that that of ox7MQ (T4) have 
no positive charge and the distance between the carbonyl groups is relatively 
large. This indicates that the difference in “softness” of ox5MQ and ox7MQ 
with oxQ is relatively small, explaining their comparable CATs (Table 1).  
 
3,7MQ 
We have also tested a dimethylated Q derivative, namely 3,7MQ. The CAT and 
the dihedral of this compound are similar to that of 3MQ, which confirms that 
the dihedral plays a pivotal role and emphasizes the importance of the π-π 
interaction of the AC- with the B-ring.  
 
Correlation between the LUMO and the CAT 
Chemical reactions are generally governed by the interaction between the 
frontier orbitals, more specifically, the interaction between the HOMO (highest 
occupied molecular orbital) of the nucleophile and the LUMO (lowest 
unoccupied molecular orbital) of the electrophile. “Hard” electrophiles are 
known to have relatively higher LUMO energies than “soft” electrophiles [12]. 
Because all reactants in the oxidation assay were the same, except for the 
oxidized flavonoids, we focused on the LUMO energies of the most abundant 
tautomer of the oxidized flavonoids. The LUMOs of the oxidized flavonoids 
show a high correlation with their CATs as depicted in Figure 5. This correlation 
is in line with the theory that a “harder” molecule has a higher LUMO energy, 
which is reflected in lower thiol reactivity and a higher CAT. 
 
Q derivatives that would preferentially interact with ascorbate over thiols  
To decrease thiol toxicity, the Q derivative has to have a higher preference for 
ascorbate than for thiols, i.e. it has to have a high CAT. Methylation at the 5 and 
7 position hardly affects the CAT. Methylation at the 3’O or the 3O position 
leads to a relatively small increase in the CAT. This effect is enhanced when a 
relatively large substituent is placed at the 3 position, since this greatly distorts 
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the planar structure of Q. By far, the greatest effect was found when the 4’ 
position was substituted. In fact, methylation at the 4’ position decreases the 
thiol reactivity of Q more than 350 times.  
It appears that for a high CAT, methylation at 4’O position of Q is the most 
effective. In general, O-methylation will reduce the antioxidant effect of 
quercetin. Nevertheless, 4’MQ still possesses significant antioxidant activity 
[6,13]. Moreover, ox4’MQ will be regenerated by ascorbate in the antioxidant 
network to 4’MQ that will boost its potency. Additionally, it has been 
demonstrated that the cellular uptake of 4’MQ is superior to that of Q [7,8]. Our 
data indicate that 4’MQ would be less toxic than Q. Spencer et al. [7] have 
shown that this is indeed the case.  
It is becoming increasingly more evident that metabolites of flavonoids are 
partly, or even primarily, responsible for the health benefits. In particular, the 
methylated flavonoids are of interest [8,14]. Interestingly, 4’MQ is formed in 
vivo by catechol O-methyl transferase (COMT) as one of the metabolites of Q 
[15]. The present study indicates that the disadvantageous thiol toxicity of Q is 
diminished in 4’MQ. The endogenously formed 4’MQ might be a physiological 
way to safely benefit from the antioxidant potential of quercetin in vivo. 
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Supplemental figure. Delocalization of the LUMO of oxQ (T3) and ox4’MQ (T3). 
Left is the LUMO of oxQ and right is the LUMO of ox4’MQ. The LUMO of 
ox4’MQ is less delocalized than that of oxQ, which corresponds to the harder 
character of ox4’MQ compared to oxQ. 
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Supplemental scheme. Proposed reaction mechanism of oxQ with water. The 
formation of product A is driven by the hard-hard interaction suggested by the 
HSAB concept that is immediately followed by the restoration of the aromaticity 
of the A-ring. The formation of product B* is driven by the restoration of the 
aromaticity of the B-ring. The formation of product C is a Favorskii 
rearrangement, driven by the release of tension caused by the epoxy-group. Note 
that of product B and C, only one isomer of the two possible isomers is shown. It 
is expected that both isomers are equally formed. 
* Previously, an epoxy compound similar to that of B has been isolated and fully characterized when 
Q was oxidized under aprotic conditions [1]. 
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In the incubations with GSH the amount of mono-GSH adducts formed equaled 
the amount of quercetin consumed. In the incubations with ascorbate, no net 
consumption of quercetin was observed. Apparently the reaction of oxQ with 
either GSH or ascorbate is much quicker than the reaction of oxQ with water. 
The reaction of the oxQ with water can be neglected when either GSH or 
ascorbate is present. 
 
Supplemental table. 1H-NMR signal assignment of the oxidation product C in 
DMSO-d6. Our data is compared to earlier reported 1H-NMR data for C in 
DMSO-d6 [2]. 
Proton 6-H 8-H 2’-H 5’-H 6’-H 
OxQ (C) 5.96 (d, 
1.8Hz) 
5.90 (d, 
1.8Hz) 
7.56 (b) 6.80 (d, 
8.1Hz) 
7.54 
(bm) 
OxQ (C, 
lit.) [2] 
5.96 (d, 
1.7Hz) 
5.90 (d, 
1.7Hz) 
7.56 (d, 
2.0Hz) 
6.80 (d, 
8.2Hz)  
7.53 
(dd) 
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Summary 
An important principle in toxicology is that the risk of a compound depends on 
its hazard and its exposure. For humans, the highest exposure comes from air 
with molecular oxygen as the culprit. The hazard of molecular oxygen partly 
arises from its diradical (O22●) nature. It can be fairly deduced that the hazard in 
combination with the high exposure makes oxygen by far the greatest risk to 
humans. Unfortunately, reducing exposure is not an option because O22● is, 
paradoxically, the most important substance for sustaining human life. In the 
body, its vital function is to release energy from food resulting in the conversion 
of oxygen into water. Another paradox is that in its vital function, oxygen 
toxicity is also promoted. This is due to the formation of several types of reactive 
oxygen species (ROS) as byproducts. These ROS are even more hazardous than 
oxygen and are thought to actually initiate oxygen toxicity. It is well known that 
ROS can cause oxidative stress in vivo and severely damage tissues. Fortunately, 
the body is endowed with an intricate network of anti-oxidants that provide 
protection against ROS. The anti-oxidants derived from food form a pivotal part 
of this protection.  
In this thesis, the focus is put on free radical scavenging anti-oxidants. As 
elaborated in this thesis, a free radical scavenger functions as a catalyst that 
channels the dangerous reactivity of ROS safely into the anti-oxidant network of 
the body. From this definition, three important criteria have been deduced that 
make up a good scavenging anti-oxidant: (i) the anti-oxidant should be able to 
react relatively fast with radicals, (ii) it should form a relatively stable product 
when it has neutralized a ROS and finally (iii) the oxidized anti-oxidant should 
be safely regenerated in the anti-oxidant network of the body. 
Quercetin (Q), which is the most prominent anti-oxidant found in the Western 
diet (Figure 1), and its methylated derivatives have been chosen as anti-oxidant 
models for our research. Our aim is to identify the structural elements that are 
important for an anti-oxidant to fulfill the three criteria mentioned above. This 
will help to elucidate the biological effect of Q and will provide a rational for the 
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use of this anti-oxidant and/or its methylated derivatives. The final goal is to 
rationally design more potent anti-oxidants that can combat oxygen toxicity. 
 
 
 
 
 
Figure 1. The chemical structure of quercetin with the numbering of the carbon 
atoms and the rings A, C and B indicated.  
 
Chapter 1 reviews the metabolism of Q and gives an inventory of its known 
metabolites. Q is extensively metabolized in vivo and is mainly found as 
metabolites. This is shifting the focus on the anti-oxidant research to the 
metabolites of Q, because these metabolites might actually be responsible for the 
health benefits associated with Q intake. The initial routes of metabolism appear 
to be O-glucuronidation, O-methylation and O-sulfation. Especially the 
methylated metabolites are of interest because of their relatively low toxicity, 
relatively high metabolic stability and improved absorption in vivo when 
compared to Q.  
In Chapter 2, we have developed a refined method for the O-methylation of Q 
using micro-reactor technology. The micro-reactor consists of a flow system in 
which the reactants are mixed in a highly controlled and well-defined micro-
reactor. The advantage of this system is the reproducibility and the relatively 
high purity that can be achieved. Additionally, larger quantities can be produced 
with relative ease by up-scaling to a “Kilo-Flow”.   
In Chapter 3, the anti-oxidant capacity of Q and its methylated derivatives were 
established. The electron donating effect of the hydroxyl groups and the 
relatively planar structure of Q has been shown to be the main structural element 
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responsible for its high anti-oxidant capacity. The planar conformation enables 
the distribution of the electron donating effect through the large conjugated π-
system over the entire molecule. This is essential for the cooperation of the 
electron donors located in the AC-ring with those located in the B-ring of Q. The 
mono-methylated derivatives of Q also demonstrate relatively high anti-oxidant 
capacity, which is influenced by the position of methylation. The mono-
methylated derivative with the lowest anti-oxidant capacity, tamarixetin, still has 
twice the anti-oxidant capacity of ascorbate. This indicates that the methylated 
metabolites of Q possess sufficient anti-oxidant capacity to exert health effects in 
vivo.   
In Chapter 4, we have used electron spin resonance (ESR) spectroscopy to 
investigate the structures of the radicals of Q (Q) and its methylated 
metabolites. The delocalization of the unpaired electron (UE) in Q is 
responsible for its relatively low reactivity that is crucial in the anti-oxidant 
activity. Our findings demonstrate that the UE is primarily delocalized in the B-
ring of Q (Figure 2). This is because the oxygen atoms in the B-ring (i.e. 3’O 
and 4’O) and the ACQ-ring have an electron donating effect that stabilizes the 
electron deficient π-system in the B-ring of Q. Our findings also demonstrate 
that an un-substituted OH group at the C3 position in the C-ring is essential for 
the electron donating effect of the ACQ-ring. The conclusion is that one of the 
main reasons for Q’s exceptional anti-oxidant activity is the ability of its radical 
(i.e. Q) to safely cage and stabilize the UE in the conjugated π-system of its B-
ring. 
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Figure 2. Simplified structure of the quercetin radical, with the spin-distribution 
(%) calculated by O’Connell’s equation from the hyperfine couplings of its ESR 
spectrum. 
 
In Chapter 5, we have investigated which of the two pharmacophores, i.e. the 
AC-ring or the B-ring, of Q is prone to donate an electron to reactive species, by 
studying peroxynitrite (PON) scavenging. Our findings corroborate previous 
studies that both the AC- and the B-ring are potent PON scavengers on their 
own. In addition, quantum molecular calculations illustrate that the highest 
occupied molecular orbital (HOMO) is mostly concentrated on the AC-ring of 
Q, specifically on the C2 position (Figure 3). The HOMO is the molecular 
orbital that is most likely to donate electrons to a free radical. The electron 
donation, through resonance effect, of the 3OH of Q is the main reason for the 
high concentration of the HOMO at the C2 position. In addition, the oxygens at 
the 5 and the 7 position of Q activate the 3OH via the carbonylgroup at the 4 
position through resonance effect. This further increases the HOMO 
concentration at the C2 of Q. So, the AC-ring of Q is most likely to donate the 
first electron. 
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Figure 3. HOMO map, generated with ab initio calculations in Spartan ’10, on 
the activated form of Q. Blue indicates a high concentration of the HOMO, and 
red indicates the lowest concentration. 
 
After the first electron donation to a free radical from the C2 of Q, the UE 
should be located on the AC-ring of Q at its C2 position (Figure 4). However, 
the ESR spectrum of Q (Chapter 4) clearly indicates that the UE is primarily in 
the B-ring. To resolve this contradiction, i.e. that the UE is formed in the AC-
ring and subsequently stabilized in the B-ring, we postulate that the B-ring intra-
molecularly scavenges the AC-ring of Q to safely cage the UE in the conjugated 
π-system of its B-ring. This means that the electron richness of the AC-ring is 
restored, enabling it to donate another electron to a second free radical. After the 
donation of the second electron, a quinone methide is formed that can be 
processed in the anti-oxidant network of the body. 
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Figure 4. Schematic representation of the different steps involved in the anti-
oxidant mechanism of Q. 
 
In Chapter 6, the interaction between the anti-oxidant network and the quinones 
of Q and its methylated metabolites are described. We have illustrated three 
main pathways that the quinone methide of Q (oxQ) can undergo in Figure 4; i) 
oxQ can react with water, ii) oxQ can react with GSH to form GSH-adducts and 
iii) oxQ can be regenerated to Q by ascorbate. In corroboration with previous 
studies, our findings also demonstrate that oxQ reacts much faster with thiols 
such as GSH than with ascorbate. This relatively high thiol reactivity of oxQ can 
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be disadvantageous in vivo because it can impair the function of vital thiol-
containing proteins. To circumvent thiol toxicity, our strategy was to identify Q 
derivatives that would rather react with ascorbate than with thiols. An additional 
advantage of the reaction with ascorbate is that the parent flavonoid is recycled, 
which enhances the overall anti-oxidant activity of the flavonoid. Oxidized 
ascorbate can easily be regenerated in vivo by dehydroascorbate reductase, with 
nicotinamide adenine dinucleotide (NADH) as a cofactor, completing the anti-
oxidant cycle.  
We have found that the most effective derivative was tamarixetin, 4’O-
methylquercetin (4’MQ), that has a corresponding oxidation product (ox4’MQ) 
with thiol reactivity 350 times lower than oxQ. This indicates that the 
endogenous metabolism of Q to 4’MQ might actually be a physiological way to 
safely benefit from the potential of Q. 
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Conclusions  
In this thesis, the focus is put on free radical scavenging anti-oxidants and three 
important criteria have been deduced that make up a good scavenging anti-
oxidant: (i) the anti-oxidant should be able to react relatively fast with radicals, 
(ii) it should form a relatively stable product when it has neutralized a ROS and 
finally (iii) the oxidized anti-oxidant should be safely regenerated in the anti-
oxidant network of the body. We have determined the effect of mono-
methylation of Q on each of the three important criteria. More specifically, we 
have elucidated which structural elements are pivotal in each of the three criteria 
involved in the mode of action of Q.  
 
First criteria 
Our findings indicate that the AC-ring of Q is prone to donate the first electron 
to free radicals. This is because the conjugated π-system of the AC-ring can 
focus the electron density, donated by the hydroxyl groups, through resonance 
effect on one carbon (i.e. C2). This leads to a relatively high concentration of the 
HOMO, the molecular orbital that is most likely to donate electrons to a free 
radical, on the C2 position. So, for the first criteria it is important to have 
electron donors, as many as possible, that have a π-π interaction with a 
conjugated π-system that can concentrate the donated electron density on a single 
carbon. In other words, a relatively high and concentrated HOMO energy is 
needed for an anti-oxidant to rapidly react with free radicals. 
 
Second criteria 
Once the AC-ring of Q donates the first electron from the C2 position, it 
becomes a radical that has an UE on the C2 position. The UE is transferred to 
the B-ring by an internal scavenging reaction. The scavenging potential of the B-
ring is mostly due to the oxygen at the 4’ position, and its conjugated π-system 
that can concentrate the donated electron density on C1’. It is important to note 
that C1’ is adjacent to the UE on C2, leading to a relatively fast scavenging 
reaction. In addition, the UE can be stabilized in the conjugated π-system of the 
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B-ring by the electron donors, i.e. AC-ring and the oxygens at 3’ and 4’ position, 
in Q. So, for the second criteria it is important to have a conjugated π-system 
that can delocalize the UE plus an ortho and/or para positioned electron donors 
that can compensate for the electron deficiency of the π-system. 
 
Third criteria 
Once the UE is safely caged in the B-ring of Q, the electron richness of the AC-
ring is restored, thus enabling it to donate another electron to a second free 
radical. After the donation of the second electron, the UE on the C2 position and 
the UE in the B-ring can pair, leading to a quinone methide (oxQ) that can 
impair the function of vital thiol-containing proteins. There are two important 
anti-oxidants, i.e. GSH and ascorbate, in the anti-oxidant network that can 
protect against quinone toxicity. These two anti-oxidants prevent quinone 
toxicity in different ways; ascorbate converts quinones back to the parent 
flavonoid, whereas GSH reacts with quinones to form a GSH-flavonoid adduct. 
However, GSH might only offer partial protection since GSH-Q adducts rapidly 
react with protein-thiols at physiological conditions, hence, spreading the 
toxicity over the cells. So, for the third criteria it is important that the oxidized 
form of the tested anti-oxidant should prefer ascorbate over thiols. We have seen 
that the lowest unoccupied molecular orbital (LUMO) of the oxidized form of 
the flavonoid could be used as an indicator for their ascorbate preference. Our 
findings demonstrate that the oxidized form of tamarixetin, i.e. ox4’MQ, has the 
highest LUMO energy of the mono-methylated derivatives, leading to the 
highest preference for ascorbate. The thiol reactivity of ox4’MQ is actually 350 
times lower than oxQ. So, for the third criteria Q should be O-methylated at the 
4’ position, leading to an increase in LUMO of the corresponding quinone 
methide. 
In conclusion, our study shows that O-methylation at the 4’ position of Q seems 
to be the most effective way of decreasing the negative effects of Q while still 
retaining enough of the anti-oxidant potency. The anti-oxidant potency of 4’MQ 
is around two times lower than that of Q (Chapter 3 & 5) but still much higher 
Conclusions and implications 
150 
 
than common anti-oxidants such as ascorbate and vitamin E. Additional 
advantage of 4’MQ over Q is that the cellular uptake is higher, which can 
compensate for the relative low potency of 4’MQ.  
 
Implications 
The anti-oxidant mechanism described in this thesis forms the fundament for 
explaining and predicting the health promoting effect of Q and structurally 
related compounds. This knowledge may also lead to the development of a new 
class of anti-oxidants that may strengthen our arsenal against oxygen toxicity. 
Future research should be directed to test the knowledge gained in this thesis on 
more complex systems, and eventually in humans. 
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Samenvatting 
Toxicologie is gebaseerd op het principe dat het risico van een stof is 
gecorreleerd aan zijn intrinsieke giftigheid en blootstelling. Mensen ervaren een 
levenslange blootstelling aan zuurstof, die een intrinsieke giftigheid heeft omdat 
het in de natuur voorkomt als een reactieve diradicaal. Helaas kan de 
blootstelling aan zuurstof niet verminderd worden, omdat het essentieel is voor 
het menselijke leven. In het lichaam wordt de reactiviteit van zuurstof gebruikt 
om energie vrij te maken vanuit de voeding. In dit proces, worden reactieve 
zuurstof soorten (reactive oxygen species [ROS]) gevormd als bijproducten. 
Deze bijproducten kunnen zelfs gevaarlijker zijn dan zuurstof. Het is algemeen 
bekend dat deze ROS kunnen leiden tot oxidatieve stress. De bescherming tegen 
ROS is in dat geval niet meer toereikend. Het gevolg is dat weefsels 
beschadigen. De bescherming van het lichaam tegen ROS bestaat uit een netwerk 
van anti-oxidanten die op een elegante manier kunnen samenwerken. Daarmee 
wordt het evenwicht in het lichaam bewaard. Het anti-oxidant netwerk van het 
lichaam kan versterkt worden door anti-oxidanten die opgenomen worden uit de 
voeding. 
In dit proefschrift wordt de nadruk gelegd op anti-oxidanten die vrije radicalen 
onschadelijk maken door er direct mee te reageren. In dit proefschrift wordt een 
anti-oxidant gepositioneerd als een stof die de gevaarlijke reactiviteit van ROS 
veilig in het anti-oxidant netwerk van het lichaam kan leiden. Vanuit deze 
definitie zijn er drie belangrijke eisen voor een goede anti-oxidant afgeleid: (i) de 
anti-oxidant moet relatief snel kunnen reageren met radicalen, (ii) vervolgens 
moet de geoxideerde anti-oxidant een relatief stabiel product vormen, (iii) en 
uiteindelijk moet de geoxideerde anti-oxidant veilig geregenereerd kunnen 
worden in het anti-oxidant netwerk van het lichaam.  
Quercetine (Q) is één van de meest prominente anti-oxidant in het westerse dieet 
(Figure 1). Q en zijn gemethyleerde derivaten zijn gekozen als model voor ons 
onderzoek. Het doel van ons onderzoek was om de structuurelementen te 
identificeren die belangrijk zijn, om aan de drie eisen die boven gesteld zijn te 
voldoen. Dit, zo stelden wij, zal leiden tot meer inzicht in de biologische werking 
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van Q en een rationaal geven voor het gebruiken van deze anti-oxidant en/of zijn 
methyl derivaten. Het ultieme doel is om rationeel anti-oxidanten te ontwikkelen 
die grotere potentie hebben, om het lichaam te beschermen tegen 
zuurstoftoxiciteit.  
 
 
 
 
 
 
 
Figuur 1. Chemische structuur van quercetine met de drie (A, C en B) ringen, en 
de nummering van de atomen in de drie ringen aangegeven.  
 
Hoofdstuk 1 is een review over de metabolisme van Q en inventariseert reeds 
geïdentificeerde metabolieten. Uit de literatuur blijkt dat Q extensief 
gemetaboliseerd wordt en in vivo bijna volledig als metabolieten terug wordt 
gevonden. Het anti-oxidant onderzoek rondom Q is de laatste jaren verschoven 
naar zijn metabolieten vanwege het inzicht dat de metabolieten waarschijnlijk 
verantwoordelijk zijn voor de gezondheidseffecten die worden geassocieerd met 
inname van Q. Metabolisme van Q lijkt te beginnen met O-glucuronidering, O-
methylering en O-sulfatering. Vooral de gemethyleerde metabolieten zijn 
interessant omdat ze een relatief lage toxiciteit, een hoge metabole inertie en een 
verbeterde absorptie vertonen in vitro in vergelijking met Q. 
In Hoofdstuk 2 hebben we een elegante methode ontwikkeld voor de O-
methylering van Q m.b.v. micro-reactor technologie. De technologie bestaat uit 
een “flow” systeem, en de reactanten worden gemengd in de zeer gecontroleerde 
en goed gedefinieerde micro-reactor omgeving. De voordelen van zo’n systeem 
blijken de reproduceerbaarheid en de relatief hoge zuiverheden die bereikt 
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kunnen worden. Verder kunnen relatief grote hoeveelheden geproduceerd 
worden, omdat de procedure met gemak te vertalen is naar een “Kilo-Flow”. 
In Hoofdstuk 3 zijn de anti-oxidant capaciteiten van Q en zijn methylderivaten 
vast gelegd. Het elektrondonerende effect van de hydroxylgroepen en de relatief 
vlakke structuur van Q blijken de belangrijkste structuurelementen te zijn voor 
zijn hoge anti-oxidant capaciteit. Door de vlakke structuur kunnen de gedoneerde 
elektronen, via het relatief grote geconjugeerde π-systeem, over het hele 
molecuul verspreid worden. Dit is essentieel voor de samenwerking tussen de 
elektrondonoren in de AC-ring en de elektrondonoren in de B-ring. De mono 
gemethyleerde derivaten van Q blijken nog steeds een groot gedeelte van de anti-
oxidant capaciteit te bezitten. De positie van methylgroep in het molecuul is in 
dit verband van belang. Het mono gemethyleerde derivaat met de laagste 
capaciteit is tamarixetine. Deze stof blijkt nog altijd twee keer meer anti-oxidant 
capaciteit te hebben dan vitamine C. Dit geeft aan dat de gemethyleerde 
metabolieten van Q nog steeds genoeg anti-oxidant capaciteit hebben om in vivo 
werkzaam te zijn.  
In Hoofdstuk 4 hebben we de elektronspinresonantie (ESR) techniek gebruikt 
om de structuur van de radicalen van Q (Q) en zijn gemethyleerde metabolieten 
te bestuderen. Delokalisatie van het ongepaarde elektron in Q is 
verantwoordelijk voor zijn relatief lage reactiviteit, die cruciaal is voor de anti-
oxidant activiteit. Onze bevinding tonen aan dat het ongepaarde elektron 
hoofdzakelijk gedelokaliseerd is in de B-ring van Q (Figure 2). Dit komt door 
het elektrondonerend effect van de zuurstof atomen in de B-ring (i.e. 3’O en 
4’O) en de AC-ring, die stabiliserend werken op het elektrondeficiënte π-systeem 
in de B-ring van Q. Voor het elektrondonerende effect van de AC-ring is vooral 
een niet-gesubstitueerde OH groep op de C3 positie in de C-ring essentieel. Dus 
een van de belangrijkste redenen voor de hoge anti-oxidant activiteit van Q is; 
het vermogen van zijn radicaal (Q) om het ongepaarde elektron veilig op te 
vangen en te stabiliseren in het geconjugeerde π-systeem van de B-ring.  
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Figure 2. De structuur van het quercetine radicaal met de relatieve 
spinverdeling (%) die afgeleid zijn van de hyperfijne koppelingen van zijn ESR 
spectrum.  
 
In Hoofdstuk 5 hebben we onderzocht welke van de twee farmacoforen, de AC- 
of de B-ring, van Q meer neigen naar de elektrondonering. Dit hebben we 
onderzocht door gebruik te maken van de peroxynitriet assay. In deze assay 
wordt de snelheid gemeten waarmee anti-oxidanten met peroxynitriet reageren. 
Onze resultaten geven aan dat beide ringen, AC- en B-ring, van Q direct 
bescherming kunnen geven tegen peroxynitriet. Uit quantum moleculaire 
berekeningen blijkt dat de hoogste bezette moleculaire orbitaal, de HOMO, 
vooral is geconcentreerd op de C2 positie in de AC-ring van Q (Fig. 3). De 
HOMO is de orbitaal die als eerste een elektron doneert. De elektrondonering 
van de 3OH van Q is hoofdzakelijk verantwoordelijk voor de hoge concentratie 
van de HOMO op de C2 positie. Dit komt door het resonantie effect. Daarnaast 
kunnen de 5OH en de 7OH van Q, door resonantie, activerend werken op de 
3OH via de carbonylgroep op de 4 positie. Dit leidt ook tot een verhoging van de 
HOMO concentratie op de C2. Het lijkt er dus op dat de AC-ring van Q meer 
geneigd is om het eerste elektron te doneren.  
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Figuur 3. De HOMO verdeling op de geactiveerde vorm van Q die gemaakt is 
met quantum moleculaire berekeningen in Spartan ’10. Hoogste concentratie 
van de HOMO wordt aangegeven met blauw kleur, en laagste concentratie 
wordt aangegeven met rood. 
 
Na het doneren van het eerste elektron vanuit de C2 van Q zou het ongepaarde 
elektron op de C2 van Q moeten zitten (Figure 4). Het ESR spectrum van Q 
(Hoofdstuk 4) laat echter duidelijk zien dat het ongepaarde elektron 
hoofdzakelijk te vinden is in de B-ring en niet in de AC-ring. Om deze paradox 
op te lossen postuleren we dat de B-ring van Q, intra-moleculair, een elektron 
doneert aan de AC-ring om zo het ongepaarde elektron veilig op te vangen in 
zijn geconjugeerde π-systeem. Als gevolg wordt de potentie van de AC-ring van 
Q hersteld, en kan de AC-ring nog een elektron doneren. Na het doneren van het 
tweede elektron, wordt er een quinone methide gevormd die vervolgens verwerkt 
kan worden in het anti-oxidant netwerk van het lichaam.  
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Figuur 4. Schematische weergave van de verschillende stappen die betrokken 
zijn in het anti-oxidant mechanisme van quercetine.  
 
In Hoofdstuk 6 wordt de interactie tussen het anti-oxidant netwerk en de 
quinonen van Q en zijn gemethyleerde metabolieten beschreven. We hebben in 
figuur 4 de drie belangrijkste reacties geïllustreerd, die een quinone methide van 
Q (oxQ) kan ondergaan; i) oxQ kan reageren met water, ii) oxQ kan reageren 
met GSH om een GSH-adduct te vormen en iii) oxQ kan geregenereerd worden 
naar Q door vitamine C. Onze resultaten tonen aan dat oxQ veel sneller reageert 
met thiolen dan met vitamine C. De relatief hoge thiol reactiviteit van oxQ kan 
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nadelig zijn in vivo omdat het de werking van essentiële thiol-houdende eiwitten 
kan belemmeren. Om de thiol toxiciteit te voorkomen, was onze strategie om Q 
derivaten te identificeren die sneller met vitamine C reageren dan met thiolen. 
Een extra voordeel van de reactie met vitamine C is dat het flavonoid gerecycled 
wordt, hetgeen leidt tot een versterking van de anti-oxidant activiteit van het 
flavonoid. Verder kan het geoxideerde vitamine C geregenereerd worden in vivo 
met het enzym dehydroascorbate reductase (DHR) die nicotinamide adenine 
dinucleotide (NADH) gebruikt als cofactor. Dit leidt tot een complete en 
zelfherstellende anti-oxidant cyclus. 
Tamarixetine, 4’O-methylquercetin (4’MQ), bleek de meest effectieve derivaat 
te zijn met een oxidatie product (ox4’MQ) die 350 keer lager thiol reactiviteit 
vertoont dan oxQ. Waarschijnlijk is de endogene metabolisme van Q naar 4’MQ 
een fysiologische manier om veilig gebruik te maken van de potentie van Q. 
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Conclusie 
In dit proefschrift ligt de nadruk op anti-oxidanten die vrije radicalen 
onschadelijk maken door er direct mee te reageren. Een anti-oxidant wordt 
gepositioneerd als een stof die de gevaarlijke reactiviteit van ROS veilig in het 
anti-oxidant netwerk van het lichaam kan leiden. Vanuit deze definitie zijn er 
drie belangrijke eisen voor een goede anti-oxidant afgeleid: (i) de anti-oxidant 
moet relatief snel kunnen reageren met radicalen, (ii) vervolgens moet de 
geoxideerde anti-oxidant een relatief stabiel product vormen, (iii) en uiteindelijk 
moet de geoxideerde anti-oxidant veilig geregenereerd kunnen worden in het 
anti-oxidant netwerk van het lichaam. We hebben de invloed van mono 
methylering van Q op elke van de drie eisen onderzocht, met het oog om de 
structuur elementen te identificeren die belangrijk zijn voor elke eis.  
 
Eerste eis 
Onze bevindingen geven aan dat de AC-ring van Q het meest geneigd is om het 
eerste elektron te doneren. Dat komt doordat het geconjugeerde π-systeem van 
de AC-ring, de elektronendichtheid gedoneerd door de hydroxylgroepen kan 
concentreren op één C-atoom, namelijk de C2. Dit leidt tot een relatief hoge 
concentratie van de HOMO, het moleculaire orbitaal dat het makkelijkste 
elektronen kan doneren, op de C2. Dus voor de eerste eis is het belangrijk om 
zoveel mogelijke elektrondonoren te hebben, die een π-π interactie hebben met 
een geconjugeerd π-systeem dat de elektronendichtheid kan concentreren op één 
C-atoom in het molecuul. Met andere woorden, een anti-oxidant moet een 
relatieve hoog en geconcentreerd HOMO energie hebben om snel een elektron te 
kunnen doneren.  
 
Tweede eis 
Na het doneren van het eerste elektron door de AC-ring van Q via de C2 ontstaat 
er een radicaal met een ongepaarde elektron op de C2. Het ongepaarde elektron 
wordt direct opgevangen door de B-ring via intra-moleculaire elektrondonering. 
De potentie van de B-ring komt door de elektrondonering van de zuurstof op de 
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4’ positie, en het geconjugeerde π-systeem die de elektronendichtheid kan 
concentreren op de C1’. Deze reactie is relatief snel omdat de C1’ naast het 
ongepaarde elektron op de C2 staat. Vervolgens kan het ongepaarde elektron 
gestabiliseerd worden in het geconjugeerde π-systeem van de B-ring door de 
elektrondonoren (de AC-ring en de zuurstoffen op 3’ en 4’ positie) in Q. Dus 
voor de tweede eis is het belangrijk om een geconjugeerd π-systeem te hebben 
dat het ongepaarde elektron kan delokaliseren, plus elektron donoren die op de 
ortho en/of para positie zitten om de verminderde elektronendichtheid in het π-
systeem te compenseren.  
 
Derde eis 
Wanneer het ongepaarde elektron eenmaal veilig opgevangen is in het 
geconjugeerde π-systeem van de B-ring en de potentie van de AC-ring van Q 
hersteld is, kan de AC-ring nog een elektron doneren. Na de donatie van het 
tweede elektron, ontstaat er een nieuwe ongepaard elektron op C2 in de AC-ring 
die snel combineert met het ongepaarde elektron in de B-ring. Dit leidt tot de 
vorming van een quinon methide (oxQ) die essentiële functies van thiol-
houdende eiwitten kan belemmeren. Er zijn twee anti-oxidanten, GSH en 
vitamine C, in het anti-oxidant netwerk die kunnen beschermen tegen quinon 
toxiciteit. Deze twee anti-oxidanten beschermen tegen quinon toxiciteit op 
verschillende manieren; vitamine C regenereert quinonen tot de originele 
flavonoïde, terwijl de reactie met GSH tot een GSH-flavonoïde adduct leidt. 
Echter, GSH-Q adducten kunnen nog steeds snel met eiwit thiolen reageren 
onder fysiologische condities, wat leidt tot de spreiding van de toxiciteit over de 
cellen. Dus voor de derde eis is het belangrijk dat de geoxideerde anti-oxidant 
sneller reageert met vitamine C dan met thiolen. Het blijkt dat de laagste niet 
bezette orbitaal, namelijk de LUMO, van geoxideerde flavonoïde als indicator 
gebruikt kan worden voor de neiging om met vitamine C te reageren. Onze 
bevindingen tonen aan dat geoxideerd tamarixetin (ox4’MQ) de hoogste LUMO 
energie van de mono gemethyleerde derivaten bevat, met als gevolg dat ox4’MQ 
het snelste met vitamine C reageert. Eigenlijk is de thiol reactiviteit van ox4’MQ 
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meer dan 350x lager dan oxQ. Dus voor de derde eis zou Q gemethyleerd 
moeten worden op de 4’O, wat zou leiden tot een verhoging van de LUMO 
energie van zijn quinone methide. 
In conclusie, onze studie toont aan dat O-methylering op de 4’ positie van Q de 
meest effectieve manier is om de negatieve effecten van Q te verminderen met 
behoud van genoeg anti-oxidant potentie. De anti-oxidant potentie van 4’MQ is 
ongeveer 2x lager dan die van Q (Hoofdstuk 3 & 5), maar is nog steeds hoger 
dan bekende anti-oxidanten zoals vitamine C en vitamine E. De hogere cellulaire 
opname van 4’MQ ten opzichte van Q kan de relatief lagere potentie van 4’MQ 
compenseren.  
 
Relevantie 
Het anti-oxidant mechanisme dat beschreven is in dit proefschrift vormt het 
fundament voor het verklaren en het voorspellen van de gezondheidseffecten van 
Q en zijn analogen. Dit kan leiden tot de ontwikkeling van een nieuwe klasse 
anti-oxidanten die ons arsenaal tegen zuurstof toxiciteit kunnen versterken. 
Toekomstig onderzoek zou gericht kunnen worden om de kennis die in dit 
proefschrift is vergaard te implementeren in complexere systemen, en 
uiteindelijk in de mens. 
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